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ABSTRACT 

This  report  documents  work  carried  forward  over  the  fourth  year  of  a  five  year  ONR 
sponsored  University  Research  Initiative  (URI)  entided  “Materials  for  Adaptive  Structural  Acoustic 
Control.”  The  program  has  continued  to  underpin  the  development  of  new  electro-ceramic,  single 
crystal  and  composite  materials  combinations  for  both  the  sensing  and  actuation  functions  in 
adaptive  structures. 

For  the  lead  based  perovskite  stmcture  relaxor  ferroelectric  electrostrictors,  new 
experimental  and  theoretical  studies  have  underscored  the  critical  role  of  nano-scale  heterogeneity 
on  either  A  or  B  sites  of  the  ABO3  in  promoting  dispersive  dielectric  response  and  the  very  strong 
opposing  role  of  elastic  stress  and  electrostrictive  coupling  in  suppressing  polarization  fluctuations. 
Most  important  for  practical  application  is  the  regimen  where,  under  high  electric  field  nano-polar 
regions  begin  to  amalgamate  into  ferroelectric  macro-domains  with  very  mobile  walls  lead  to 
unusually  large  extrinsic  piezoelectric  coefficients. 

The  program  has  explored  a  range  of  new  relaxor:ferroelectric  sohd  solutions  which  exhibit 
morphotropic  phase  boundaries  between  rhombohedral  and  tetragonal  ferroelectric  phases.  Some 
of  these  compositions  are  much  more  tractable  than  PZT  to  grow  in  single  crystal  form.  A  major 
surprise  is  the  very  strong  enhancement  of  the  piezoelectric  djj  and  djj  in  the  crystal  over  that  in  the 
corresponding  ceramic,  and  the  massive  anisotropy  for  different  orientations  and  directions  of 
poling.  Optical  studies  suggest  that  the  unusual  effects  reside  largely  in  the  extrinsic  (domain 
controlled)  response  and  we  speculate  about  the  mobility  of  walls  in  metastable  phases,  however 
further  studies  are  required. 

Antiferroelectric:ferroelectric  phase  switching  studies  in  a  wide  range  of  compositions  in 
the  lead  lanthanum  zirconate  starmate  titanate  system  show  that  the  first  abrapt  switchover  to  the 
rhombohedral  ferroelectric  phase  only  produces  volume  strain  -0.2%  as  checked  both  by 
dilatometry  and  by  X-ray.  There  is  a  large  enhancement  under  higher  field  to  -0.6%  volume  strain 
although  the  polarization  does  not  change  markedly.  From  thin  film  and  single  crystals  studies 
there  is  mounting  evidence  of  higher  field  ferroelectric:ferroelectric  phase  change,  but  again 
additional  work  is  needed. 

Size  effect  studies  in  perovskite  ferroelectrics  are  continuing  on  this  program  and  on  the 
NSF/MRG  in  MRL.  Scaling  of  the  90°  stripe  domains  in  thinned  TEM  samples  of  tetragonal 
composition  begin  to  show  departure  from  the  accepted  1/2  power  law  at  sub  micron  sizes.  The 
structure  of  domains  under  the  three  dimensional  constraints  of  grains  inside  the  ceramic  is  still 
however  almost  completely  unknown.  Computer  modeling  appear  to  show  promise  and  codes  are 
being  explored  which  permit  the  mutual  interactions  to  be  varied  and  the  corresponding  two 
dimensional  structures  visualized. 


In  composite  sensors,  the  focus  has  continued  upon  the  flextensional  configurations  with 
the  new  inexpensive  cymbal  shaped  amplifier  proving  superior  in  every  respect  to  the  original 
“moonie.”  The  flat  section  on  the  cymbal  end  cap  permits  very  easy  stacking  of  elements  and  work 
is  now  in  progress  to  develop  large  area  panels  for  low  frequency  testing  at  the  Penn  State  ARL. 

Work  has  continued  on  the  thin  sheet  2:2  piezoceramic  polymer  composites,  where  the 
transverse  poling  and  low  density  lead  to  a  desirable  combination  of  low  electrical  and  low  acoustic 
impedance.  An  alternative  fabrication  procedure  using  extruded  PZl'  honeycomb  appears  most 
attractive. 

Two  problems  of  major  importance  in  actuation  have  been  topics  for  study.  First  what  are 
the  intrinsic  material  limitations  for  high  strain  electrically  driven  actuation  in  polarization 
controlled  systems,  and  secondly  what  are  the  practical  limitations  in  multilayer  actuators  as  they 
are  currently  fabricated  and  how  may  they  be  alleviated.  Work  on  the  first  topic  is  now  largely 
completed,  showing  that  strains  -0.4%  could  be  switched  more  than  10’  cycles  in  suitable  PT  .7T 
compositions.  Such  reliability  however  requires  near  theoretical  density,  homogeneity,  grain  size 
control,  critical  attention  to  electrodes  and  electric  field  uniformity,  none  of  which  are  adequately 
controlled  in  current  actuator  systems. 

For  practical  actuators  fabricated  by  inexpensive  tape  casting  and  co-firing  techniques 
electrode  termination  is  a  major  problem.  In  the  simple  MLC  like  designs,  cracks  initiate  at  field 
concentrations  associated  with  the  tip  of  the  buried  conductor  layer.  A  new  floating  electrode 
design  has  been  found  to  reduce  this  problem.  For  cracking  near  the  end  surfaces,  poling  of  the 
termination  layers  reduces  their  stiffness  and  markedly  improves  performance.  In  the  conventional 
structures  it  is  also  found  that  the  floating  electrode  may  be  used  directly  as  an  acoustic  emission 
pickup,  giving  early  warning  of  cracking  problems. 

Under  resonant  driving  conditions,  the  problems  in  actuators  are  markedly  different.  Heat 
build  up  and  temperature  run-away  are  significant  problems  traceable  to  dielectric  loss,  and  new 
hard  compositions  and  anti-resonant  driving  methods  have  been  explored  to  reduce  these 
problems. 

In  integration  work  on  the  high  activity  0-3  composites  in  nearing  completion.  A  new  type 
of  zig-zag  actuator  is  being  explored  for  the  capability  to  combine  both  longitudinal  and  transverse 
actuation.  Under  a  new  ONR  sponsored  program  with  Virginia  Polytechnic  Institute  and 
University  new  double  amplifiers  combining  bimorph  and  flextensional  concepts  are  being 
examined. 

Processing  studies  permit  the  fabrication  of  the  wide  range  of  compositions  and  forms 
required  in  these  material  researches.  Rate  controlled  sintering  is  proving  to  be  highly 
advantageous,  particularly  for  reducing  delamination  in  integrated  structures.  Electrophoretic  and 


dielectrophoretic  forming  are  showing  promise  in  green  assembly  of  thick  film  components  where 
high  green  density  is  critical. 

Thin  film  papers  have  been  selected  from  the  very  broad  range  of  work  in  MRL  because  of 
their  relevance  to  transduction  in  piezoelectric  and  in  phase  switching  systems. 
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I.  Introduction 


Multilayer  piezoelectric  actuators  were  under  intensive  development  during  the  past 
decade^'®  and  have  obtained  some  applications  such  as  impact  printer  heads’  ®,  ultrasonic 
Imear  motors®  and  x-y  stages*®.  Today,  low  voltages  are  the  trend  for  electronic  systems, 
cars  and  medical  devices.*'  This  trend  has  made  the  multilayer  structure  with  thin  layers 
necessary.  Efforts  have  been  made  and  thin  layers  down  to  20  \im  have  been  achieved.® 

In  order  to  obtain  maximum  displacement  of  the  actuator,  an  electric  field  of  1-3 
kV/mm  IS  usually  necessary.  For  some  applications,  like  the  commercialized  high  speed 
impact  printer  head  with  a  printing  speed  of  3  kHz,’  a  high  frequency  voltage  is  applied  to 
the  actuator.  Under  such  continuous  high  frequency,  and  driving  with  a  high  electric  field, 
a  fairly  large  heat  generation  was  observed.*’  Heat  generation  influences  the  reUability  and 
other  properties  and  may  also  limit  the  application  of  the  actuators.  Therefore,  a 
comprehensive  investigation  of  heat  generation  becomes  very  important. 

This  paper  studied  heat  generation  in  various  types  of  multilayer  PZT-based 
actuators.  A  simplified  analytic  method  was  established  to  evaluate  the  temperature  rise, 
which  is  very  useful  for  the  design  of  multilayer  and  other  high  power  actuators. 

II.  Experimental  Procedure 

Multilayer  PZT-based  ceramic  actuators  of  various  types  (see  Table  I)  were 
prepared  by  a  tape  casting  technique.  The  thickness  of  the  active  layers  was  20  or  40  ^m. 

After  cutting  and  the  application  of  the  end  termination,  the  samples  were  poled  by  applying 
a  high  voltage  at  an  elevated  temperature. 

The  experiments  were  carried  out  by  appl)ing  continuous  triangular  unipolar 
voltages  to  the  samples.  The  voltages  were  generated  by  an  NF  1940  Function 
Synthesizer,  amplified  through  an  NF  4010  High  Speed  Power  Amplifier  (the  voltage 
being  in  the  range  of  300  V,  current  range  1.2  A),  and  then  applied  to  the  actuators. 


Temperature  rise  of  the  actuators  was  measured  by  attaching  a  very  fine  (0  =  0.001 
in.)  chromel-alumel  thermocouple  (CHAL-001,  OMEGA  Engineering  Inc.)  to  the  center  of 
the  sample  surface.  Silicone  grease  was  used  as  a  connective  material. 

III.  Results 

(1)  Temperature  Rise  Phenomena 

Heat  generation  for  various  size  actuators,  while  driving  under  3  kV/mm  at  300  Hz, 
is  shown  in  Fig.  1.  It  is  seen  from  the  figure  that  the  actuator  temperature  initially  increases 
exponentially  with  an  increase  in  the  driving  time  (t),  and  then  it  saturates.  Temperature 

rise  AT  is  defined  as 


AT  =  T-To  (1) 

where  T  and  Tq  indicate  the  maximum  and  initial  actuator  temperatures.  The  relationship 
between  AT  and  v/A,  where  Vg  is  the  effective  volume  where  electric  field  is  applied,  and  A 

is  the  total  surface  area  of  the  sample,  is  shown  in  Fig.  2.  Temperature  rise  AT  is 

approximately  proportional  to  the  value  v/A,  because  the  heat  generation  is  assumed  to  be 
proportional  to  the  defined  above,  and  the  heat  dissipation  is  proportional  to  die 
surface  area  A. 

Heat  generation  depends  on  driving  frequency  (f).  The  frequency  dependence  of 
the  temperature  rise  AT  is  given  in  Fig.  3  for  various  applied  electric  fields.  At  the  low 

electric  field  level,  the  AT  increases  almost  linearly  with  increasing  driving  frequency.  As 

the  electric  field  level  becomes  higher  (>  1  kV/mm),  the  AT  ~  f  curves  gradually  deviate 
from  the  linear  trend. 

Heat  generation  is  also  electric  field  (E)  dependent  The  temperature  as  a  function 
of  time  for  the  actuator  with  dimension  of  7  x  7  x  2  mm  is  shown  in  Rg.  4.  Figure  5  gives 


the  temperature  rise  AT  as  a  function  of  applied  electric  field  at  various  frequencies.  The 

AT  is  initially  proportional  to  El  But  the  curves  then  deviate  from  this  square  relationship 
under  higher  electric  field  levels. 

(2)  P-E  hysteresis  loss 

Heat  generation  in  piezoelectric  actuators  is  considered  to  be  caused  by  losses/^'*** 
such  as  mechanical  loss  and  electrical  loss.  The  electrical  loss  was  studied  by  measuring 
the  polarization  (P)  -  electric  field  (E)  hysteresis  loops.  The  P-E  hysteresis  loops  of 
different  size  actuators  are  almost  the  same,  because  all  of  the  actuators  are  made  of  the 
same  composition.  However,  the  hysteresis  loops  depend  on  temperature,  frequency  and 
the  electric  field.  At  different  sample  temperatures,  hysteresis  loops  are  slightly  different 
Figure  6  shows  the  P-E  hysteresis  loops  at  25  and  98  °C,  while  driving  under  3  kV/mm, 
300  Hz.  The  hysteresis  areas  represent  the  ferroelectric  loss  per  driving  cycle,  u.  The 
ferroelectric  loss  u  as  a  function  of  sample  temperature  is  shown  in  Fig.  7.  It  is  seen  that 
the  electrical  loss  decreases  slightly  with  an  increase  of  the  sample  temperature.  The  P-E 
hysteresis  loss  also  decreases  slightly  with  increasing  firequency  (Fig.  8).  However,  it 
increases  remarkably  when  the  applied  electric  field  is  increased  (Fig.  9).  The  hysteresis 
loss  is  approximately  proportional  to  E^  (Fig.  10). 

rv.  Theoretical  Analysis  and  Discussion 

Smce  the  conduction  heat  transfer  rate  through  the  lead  wire  in  this  experiment  is 
negligibly  small  (i.e.  roughly  1/25  of  the  convection),  if  we  assume  uniform  temperature 
distribution  in  the  sample,  the  relation  for  the  rate  of  heat  storage  resulting  from  the  heat 
generation  and  dissipation  effects  can  be  expressed  as 

ufv,  -  AlGEiV  -  To")  +  Kcr  -  To)]  =  vpc(dT/dt) 


(1) 


where  u  is  the  hysteresis  loss  of  the  sample  per  driving  cycle  per  unit  volume,  a  is  the 
Stefan-Boltzman  constant  (5.67  x  10'*  W/m^K^),  e  is  the  emissivity  of  the  sample,  he  is  the 


average  convective  heat  transfer  coefficient,  and  v,  p,  c  are  total  volume  (Notice  that  v  > 

vj,  density  and  specific  heat,  respectively,  of  the  sample.  Equation  (1)  can  be  written  in 
the  form 

u  f  V,  -  A  k(T)  (T  -  Tq)  =  vpc  (dT/dt)  (2) 

where 

k(T)  =  0£(T'  +  To^)(T  +  To)  +  H;  (3) 

is  defined  as  the  overall  heat  transfer  coefficient  The  first  term  of  k(T),  oe(T^  +  To^)(T  + 


Tq),  is  5.58  W/m^K  at  25  °C  and  9.08  W/m^K  at  125  ®C,  if  we  take  e  of  the  sample  as  0.93 
(similar  to  rough  fused  quartz).  While  he  has  the  magnitude  of  6  -  30  W/m^K  for  free 


convection  in  air  (Our  results  in  Figs.  12  and  13  suggest  that  h^lose  to  20  W/m*K.).^^ 
Therefore,  we  can  take  k(T)  as  a  constant  relatively  insensitive  to  temperature  change. 
Then,  the  solution  to  equation  (2)  for  the  actuator  temperature  as  a  function  of  time  is 


-l^(T)At 

T-To  =r?S!-<l-eT^) 

k(T)A 


(4) 


The  time  constant  in  equation  (4)  is 


■'“kcm 


(5) 


As  t  oo,  the  maximum  temperature  rise  in  the  actuator  becomes 


k(T)A 


(6) 


At  t  0,  where  there  is  no  heat  dissipation  effect,  the  initial  rate  of  temperature  rise  is 


(7) 

Curve  fit  to  the  experimental  data  with  the  solution  form 

T  =  To  +  AT(l-e-‘'")  (8) 

IS  provided  in  Fig.  11  as  an  example.  Fitting  curves  well  match  the  experimental  data, 
which  indicates  that  the  analytic  result  adequately  describes  the  heat  generation  phenomena. 
Consequently,  we  can  calculate  the  total  loss  u  of  the  actuator  through  equation  (7).  TTie 
calculated  results  are  shown  in  Table  H.  The  experimental  data  of  P-E  hysteresis  losses  are 
also  listed  for  comparison.  It  is  seen  that  the  P-E  hysteresis  losses  are  nearly  equal  to  the 
total  losses.  Since  the  experiments  were  carried  out  without  external  stress  applying  to  the 
samples,  it  can  be  concluded  that  under  the  stress  free  condition,  heat  generation  in 

piezoelectric  actuators  is  mainly  due  to  electrical  loss,  and  mechanical  loss  is  negligibly 
small. 

Regarding  the  heat  generation  from  piezoelectric  vibrators,  Hirose  et  al.  reported 
intriguing  results.*®  When  a  piezoelectric  vibrator  is  driven  at  the  resonance  point,  the  main 
contribution  to  the  total  loss  is  from  the  mechanical  loss  under  a  small  vibration  velocity 
level,  while  the  contribution  from  the  electrical  loss  increases  drastically  above  a  certain 

critical  vibration  velocity  such  as  0.2  -  0.3  m/s,  where  the  actual  heat  generation  starts  to  be 
observed. 

By  determining  the  time  constant  x,  the  overall  heat  transfer  coefficient  k(T)  can  be 

calculated  through  equation  (5).  The  values  of  k(T)  for  various  actuators  while  driving 
under  3  kV/mm,  300  Hz  are  provided  in  Table  H.  The  k(T)  as  functions  of  frequency  and 
electric  field  are  shown  in  Fig.  12  and  13.  It  is  seen  from  Fig.  12  that  k(T)  is  relatively 
insensitive  to  frequency  under  the  low  electric  field  level,  while  increases  gradually  with 
increasing  frequency  when  the  applied  electric  field  level  is  higher  (>  1  kV/mm).  From 
Fig.  13,  it  is  seen  that  k(T)  increases  with  increasing  the  applied  electric  field.  The  increase 


in  k(T)  may  be  caused  by  the  convection  increase  due  to  the  vibration  level  (i.e.  vibration 
velocity)  change  with  E  and  f.  If  we  summarize  the  frequency  dependence  of  u  and  k(T), 
we  can  see  that  u  is  insensitive  to  frequency,  k(T)  is  also  relatively  insensitive  to  f  at  the 
low  electric  field  level,  but  gradually  increases  with  increasing  frequency  at  higher  electric 
field  levels  (>  1  kV/mm).  Thus,  according  to  equation  (6),  temperature  rise  is  almost 
linearly  proportional  to  f  under  the  low  electric  field  level,  while  at  higher  electric  field 
levels  (>  1  kV/mm),  the  AT  ~  f  relationship  deviates  from  the  linear  trend  due  to  the 
increase  of  k(T)  at  higher  f.  This  analysis  coincides  with  the  experimental  results  shown  in 
Fig,  4.  For  the  electric  field  dependence,  u  is  proportional  to  E^  while  k(T)  increases 
significantly  with  increasing  E.  That  is  why  AT  is  nearly  proportional  to  E^  under  low 

electric  field  as  shown  in  Fig.  6,  while  deviates  from  this  square  relationship  at  a  higher 
electric  field  level. 


V.  Conclusion 

Heat  generation  in  multilayer  piezoelectric  actuators  was  studied.  Under  the  stress 
free  condition,  heat  generation  is  mainly  due  to  electrical  loss,  not  to  mechanical  loss. 

Temperature  rise  of  the  actuator  can  be  estimated  by  the  expression  AT  =  The 

k(T)A ' 

proposed  analytic  method  is  useful  for  the  design  of  multilayer  and  other  high  power 
actuators  from  a  viewpoint  of  heat  generation. 
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Figure  Captions 

Fig.  1.  Heat  generation  for  various  actuators  (driven  at  3  kV/mra,  300  Hz). 

Fig.  2.  Temperature  rise  vs  vJA  (3  kV/mm,  300  Hz). 

Fig.  3.  Temperature  nse  vs  frequency  under  various  applied  electric  fields  (data  from  the 
actuator  with  dimension  of  7x7x7  mm). 

Fig.  4.  Heat  generation  while  driving  under  various  electric  fields  at  400  Hz  (data  from 
the  actuator  with  dimension  of  7x7x2  mm). 

Fig.  5.  Temperature  rise  as  a  function  of  applied  electric  fields  (data  from  the  actuator 
with  dimension  of  7x7x2  mm). 

Fig.  6.  P-E  hysteresis  loops  at  different  sample  temperatures:  (a)  25  °C,  (b)  98  'C.  (3 
kV/mm,  300  Hz) 

Fig.  7.  P-E  hysteresis  loss  as  a  function  of  sample  temperatures.  (3  kV/mm,  300  Hz) 

Fig.  8.  P-E  hysteresis  loss  as  a  function  of  frequency.  (T  =  25  *C,  E  =  2  kV/mm) 

Fig.  9.  P-E  hysteresis  loops  of  various  applied  electric  fields:  (a)  1  kV/mm,  (b)  2 
kV/mm,  (c)  3  kV/mm.  (T  =  25  "C,  f  =  300  Hz) 

Fig.  10.  P-E  hysteresis  loss  as  a  function  of  electric  fields.  (T  =  25  °C,  f  =  300  Hz) 

Fig.  11.  Curve  fit  with  the  equation  T  =  T,  +  AT(1  -  e").  (Data  from  the  actuator  with 
dimension  of  7x7x2  mm,  driven  under  3  kV/mm,  300  Hz) 

Fig.  12.  Overall  heat  transfer  coefficient  k(T)  as  a  function  of  frequency  (data  from  the 
actuator  with  dimension  of  7x7x2  mm). 

Fig.  13.  k(T)  as  a  function  of  appUed  electric  fields  (400  Hz,  data  from  the  actuator  with 
dimension  of  7x7x2  mm). 


Table  I.  Various  Sizes  of  Multilayer  Actuators 


Actuator  type 

Dimensions 

(mm) 

Layer  thickness 
(pm) 

Surface  area 

A  (mm^ 

Effective  volume* 

Ve  (mm^) 

vJA 

(mm) 

djj 

4.5x3. 5x2 

20 

63.5 

18.8 

0.293 

7x7x2 

40 

154 

72.3 

0.470 

5x5x20 

40 

450 

308 

0.882 

^31 

17x3.5x1 

20 

160 

40.2 

0.251 

Multimorph 

31x9x0.3 

20 

582 

34.7 

0.078 

^Effective  volume  is  a  volume  that  actually  generates  heat 


Table  U.  Loss  and  Overall  Heat  Transfer  Coefficient 
(E  =  3  kV/mm,  f  =  300  Hz) 


Actuator 

■niBim 

■illillHMi 

7x7x2  mm 

17x3.5x1 

Total  loss  (xlO'J/m') 

fVeMtV>o 

19.2 

19.9 

19.7 

P-E  hysteresis  loss  (xlO^J/m^) 

18.5 

17.8 

17.4 

k(T)  (W/m^K) 


38.4 


39.2 


34.1 


Actuator  Temperature  (“C) 


Driving  Time  (sec) 


Fig.  1.  Heat  generation  for  various  actuators 
(driven  at  3  kV/mm,  300  Hz) 


AT  CO 


Frequency  (kHz) 


Fig.  3.  Temperature  rise  vs  frequency  under  various  applied  electric 
fields  (data  from  the  actuator  with  dimension  of  7x7x2  mm) 


Driving  Time  (sec) 


Fig.  4.  Heat  generation  while  driving  under  various  electric  fields 
at  400  Hz  (data  from  the  actuator  with  dimension  of  7x7x2  mm). 


Fig.  5.  Temperature  rise  for  the  actuator  as  a  function  of  applied 
electric  fields  (data  from  the  actuator  with  dimension  of  7x7x2  mm). 
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Fig.  6.  P-E  hysteresis  loops  at  different  sample  temperature:  (a)  25“C,  (b)  98“C.  (3kV/mm,  3(X)Hz) 


Fig.  7.  P-E  hysteresis  loss  as  a  function  of  sample  temperatures. 

(3  kV/mm,  300  Hz) 


Frequency  (kHz) 


Fig.  8.  P-E  hysteresis  loss  as  a  function  of  frequency 
(T  =  25  "C,  E  =  2  kV/mm) 


800 


Fig.  10.  P-E  hysteresis  loss  as  a  function  of  electric  fields. 

(T  =  25  "C,  f  =  300  Hz) 


Fig.  1 1.  Curve  fit  with  the  equation  T=T^+AT(l-e'‘^.  (Data  from  the 
actuator  with  dimension  of  7x7x2  mm,  driven  under  3  kV/mm,  300  Hz) 


Fig.  12.  Overall  heat  transfer  coefficient  k(T)  as  a  function  of  frequency 
(data  from  the  actuator  with  dimension  of  7x7x2mm). 


Fig  13.  k(T)  as  a  function  of  applied  electric  fields  (300  Hz 
data  from  the  actuator  with  dimension  of  7x7x2  mm). 
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ABSTRACT 

Photostriction  in  ferroelectrics  arises  fitom  a  superposition  of  photovoltaic  and  inverse 
piezoelectric  effects.  (PbXa)(Zr,Ti)03  ceramics  doped  with  WO3  exhibit  large 
phntosfrirrifm  jTiwter  itrariiarinn  of  near-ultiaviolet  light,  and  are  applicable  to  remote 
control  amiatnrs  and  photoacoustic  devices.  Using  a  bimorph  configuration,  a  photo- 
driven  relay  and  amicro  walking  device  have  been  devek^ied,  which  are  designed  to  start 
moving  as  a  result  fiom  the  irradiation,  having  neither  electric  lead  wires  nor  electric 
circuits.  Ihe  mechanical  resonance  of  the  bimorph  was  also  indiiced  by  an  intermittent 
illumination  of  purple-color  light;  this  verified  the  feasibility  of  the  photostriction  to 
"photophone”  applications. 

Keywords:  Photostriction,  Photovoltaic  ^ect.  Piezoelectricity,  Bimorph,  Photoacoustic, 
Photophone,  Mechanical  resonaance 


INTRODUCTION 

Photostricdve  effect  is  a  phenomenon  in  which  strain  is  induced  in  the  sample  when  it  is  illuminated.  Ihis 
effect  is  focused  especially  in  the  fields  of  mirirnmyimnisin  and  optical  commnnicatiotL 

Widi  decreasing  the  size  of  miniature  robots/actuatots,  the  weight  of  the  dectric  lead  wire  connecting  the 
power  supply  becomes  significant,  and  remote  control  will  definitely  be  required  for  sub-millimeter  devices. 
A  pbotoHlriven  1$  a  very  prmnising  for  micro-robots.  On  the  other  hand,  the  key 

components  in  the  optical  cormnunication  ate  a  stdid  state  laser  as  a  light  source,  an  optical  fiber  as  a 
mmgffy  line,  and  a  display/  a  teiq>hone  as  a  visual/audible  inter&ce  with  the  human.  The  fonner  ^ 
components  have  been  devdoped  fairiy  successfully,  and  the  photo-acoustic  device  (i.  e.  an  optical 
telephone  or  a  "pbotophone'')  will  be  eagerly  anddpat^  in  the  next  century. 

Pbotostrictive  devices  which  ate  actuated  when  they  tecdve  die  energy  of  light  will  be  patdculatiy  suitable 
for  use  in  the  above-mentioned  fidds.  In  principle,  the  photostrictive  effect  arises  fiom  a  superposition  of  a 

photovoltaic  effect,  where  a  large  voltage  is  generated  in  a  fetroeiecttic  through  the  irradiation  of  light,  and 
ainezodectric  effect,  where  the  material  ei^ds  or  contracts  under  the  voltage  applied.  li  is  noteworthy 
that  this  photostriction  is  ndther  the  thermal  diiaiatitM  nor  the  pyroelectiically-^itodoced  strain  assu^iaied 
widi  a  temperature  rise  due  to  die  light  illumination.  Also  the  photovoltaic  effect  mendoned  here  generates 
a  gieater-than-band-g^  voltage  (several  kV/cm),  and  is  quite  different  from  that  based  on  the  p-n  junction  of 
semiconductors  (i.  e.  solar  battery). 


This  pa|)er  describes  the  details  of  the  fundamental  photostrictive  effect  in  (PbXa)(Zr,TlX)3  ceramics  first, 
then  introduces  its  applications  to  a  photo*driven  relay,  a  micro  walking  machine  and  a  photophone,  which 
ate  designed  to  function  as  a  result  of  irradiation,  having  neither  lead  wires  nor  electric  circuits. 


PHOTOSTRICTIVE  PROPERTIES 


PRINCIPLE 

The  main  features  of  the  "bulk"  photovoltaic  effect  are  summarized  as  follows: 

1)  This  effea  is  observed  in  a  uniform  crystal  or  ceramic  having  noncentric  symmetry,  and  is  entirdy 
different  in  nature  horn  the  p-n  junction  defect  observed  in  semiconductors. 

2)  A  steady  pbotovoltage/current  is  gmietated  under  unifonn  iiiiiminafinn 

3)  The  magnitude  of  the  induced  voltage  is  greater  than  the  band  gt^  energy  of  the  crystal. 

Although  the  origin  of  this  photovoltaic  effect  has  not  been  clarified  yet,  the  key  point  to  nnrteraaml  it  is 
the  necessity  of  both  impurity  doping  and  crystal  asymmetry.  Figure  1  illustrates  one  of  the  pnqxsed 
models,  the  electron  energy  band  model  proposed  for  (PbXa)(Zr,Tl)03.^^  The  energy  band  is  basically 
generated  by  the  hybridized  orbit  of  p-orbit  of  oxygen  and  d-orbit  of  Ti/Zr.  The  dmior  impurity  levels 
induced  in  accmdance  with  La  doping  (or  other  dt^)ants)  are  present  slightly  above  the  valence  band.  The 
transition  from  these  levels  with  an  asynunettic  potential  due  to  the  crystallographic  anisotropy  may 
provide  the  "preferred"  momentum  to  the  electron.  Electromotive  force  is  geiteraied  when  electrons  excited 
by  light  move  in  a  certain  direcdmi  of  the  ferrodecttic  crystal,  which  may  arise  along  the  sptHttaneous 
polarization  direction. 

The  asyrrunetric  crystal  exhibiting  a  photovoltaic  response  is  also  piezoelectric  in  principle,  and  therefore,  a 

photostriction  effect  is  expected  as  a  coupling  of  the  bulk  photovoltaic  voltage  (EP^  with  the  piezoelectric 
strain  constant  (d). 
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Figure  1  Energy  band  gap  model  of  excited  electron  transition  from  impurity  level  in  PLZT. 


INSTRUMENTAION 

The  radiation  from  a  high-^nessure  mercury  lamp  was  passed  through  infiared-cut  optical  filters.  The  light 
with  the  wavelength  peak  around  370  nm.  where  the  maximum  photovoltaic  eSea  of  PLZT  is  obtained, 
was  then  applied  to  the  sample.  A  xenon  lamp  was  also  used  to  measure  the  wavelength  dqtendenoe  of  the 
photovoltaic  effect  The  light  source  was  monochromated  by  a  monochromator  to  6  run  HWHM. 


Ibe  photovoltaic  voltage  under  illumination  generally  reaches  several  kV/cm,  and  the  current  is  on  the  order 
ofnA.  The  induced  current  was  recorded  as  a  function  of  the  applied  voltage  over  a  range  -100  V  to  +100 
V,  by  means  of  a  high-input  impedance  electrometBr.  The  photovoltaic  voltage  and  the  cuirent  were 
fifttprminftri  from  the  intercepts  of  the  horizontal  and  the  vertical  axes,  respectively.  The  data  are  shown  in 

Fig.  2.^)  Photosniction  was  directly  measured  by  a  differential  transforma-  or  an  eddy  current  di^lacement 
sensOT. 


Figure  2  Pbotocurrent  measured  as  a  fimctim  of  ^lied  voltage  under  illumination. 


MATERIALS  RESEARCH 

The  figure  of  merit  of  the  phomstiiction  is  evaluated  by  the  produa  of  the  photovoltaic  voltage  (EP^  and 
the  piezoelectric  coefficient  (d).  PZT  based  ceramics  are  currendy  focused  because  of  their  excellent 
piezoelectric  properties,  i.  e.  high  d  values.  FLZT  is  me  of  such  materials,  which  is  also  famous  as  a 
transparent  (good  sintered  without  pores)  ceramic  ^tplicable  to  electrooptic  devices. 

PLZT  (x/y/z)  samples  were  prepared  in  accordance  with  the  following  composition  formula: 
Pbl-xLax(ZryTiz)l.x/403. 

Figures  3(a)  and  3(b)  illustrate  the  contour  maps  of  the  photovoltaic  xeqxmse  and  the  piezoelectric  strain 
constant  d33  on  the  PLZT  phase  diagtam.^>^  Ihe  d33  shows  the  maximum  around  the  motphocropic 
phase  boundary  (MPB)  between  the  tetragonal  and  rfacmbohedrai  phases,  and  increases  gradually  with 
increasing  the  La  cancentration  up  to  9  mol  %.  On  the  contrary,  the  photovoltage  exhibits  the  maximum 
also  around  the  MPB,  but  in  the  tetragonal  regiCHi  with  3  mol  %  of  La.  The  largest  pruduct  d33*S^ 
obtained  with  the  composition  (3/52/48). 

The  intetrelatitm  of  the  {riiotovoltaic  current  with  the  remanent  polarization  for  the  PLZT  family  is  very 
intriguing  (Fig.  4).^  The  average  remanent  poiarizadon  mdiibiting  the  same  magnitude  of  photoonieat 
differs  by  1.7  times  between  the  tetragonal  and  ifaombohedral  phases;  this  suggests  the  phoco-mdnoed 
electron  erritatifin  is  related  to  the  (0  0 1)  axts-<niented  orbit,  i.  e.  die  hybridized  orbit  of  p-orbit  of  oxygen 
and  d-rabit  of  Tl/Zr. 

Impurity  doping  on  PLZT  also  affects  the  photovoltaic  response  significandy.^)  Hgure  5  shows  the 
photovoltaic  response  for  various  dopants  with  the  same  concentration  of  1  atomic  %  into  the  base  FLZT 
(3/52/48)  imtter  an  iiittminatinn  intensity  of  4  mW/cm^  at  366  nm.  The  dadied  line  in  Hg.  5  r^sesents 


the  consist  power  curve  cone^nding  to  the  non-doped  PLZT  (3/52/48).  ReganBng  the  photosoiction 
effect,  it  is  known  that  as  the  photovoltaic  voltage  increases,  the  strain  value  increases,  and  with 
photocurtent,  there  is  an  increase  in  the  overall  response.  The  photovoltaic  response  is  mhaiwri  by  Avw 

doping  onto  the  B-site  Ti5+,  W^).  On  the  other  hand,  impurity  ions  substituting  at  the  A>site 

and/or  acceptor  ions  substituting  at  the  B-site,  whose  ionic  valences  are  small  (1  to  4),  have  no  signifiratif 
efBsct  on  the  response.  Rgure  6  shows  the  photovoltaic  reqxmse  plotted  as  a  function  of  at.%  of  WO3 

doping  concentration.^  Note  that  the  maximinn  power  is  obtained  at  0.4  aL%  of  the  dopant 

Even  when  the  composition  is  fixed,  the  photosoiction  still  dq)ends  on  the  sintering  condition  or  the  gram 

size.^  Figure  7  shows  the  dei^ndence  of  the  photostricdve  characteristics  on  the  grain  size.  The  anaiw 
grain  sample  is  pteferrable,  if  it  is  sintered  to  a  high  density. 
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Figures  Photovoltaic  response  (a)  and  piezoelectric  constant  d33  (b)  of  PI^  plotted  on  the  phase  diagram 
near  the  morphotropic  phase  boundary  between  the  tetragonal  and  rfaombohedral  phases. 


Figure  4  Interrelation  of  photovoltaic  current  with  remanent  polarizadoo  in  PLZT  family. 
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Figure  5  Photovoltaic  response  of  PLZT  for  vanous  i 
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EFFECT  OF  LIGHT  POLARIZATION  DIRECTION 

Effea  of  tbe  light  polarization  direction  on  the  photovoltaic  phenomenon  was  investigated  on  the 

polyci^tal^e  PI^.  using  an  experimental  setup  shown  in  Fig.  8(a).8)  iTiis  experiment  is  important 
wnen  the  photostnction  is  employed  to  "photophones",  where  the  sample  is  illuminated  with  the  polarized 
light  traveling  through  an  optical  fiber.  The  rotation  angle  0  was  taken  from  the  vertical  spontaneous 
polarization  direction,  as  shown  in  Fig.  8(a).  Even  in  a  polycrystalline  sample,  both  the  photovoltaic 
voltage  and  current  provided  the  maximum  at  9  =  0  and  180  deg  and  the  minimiiin  at  0  =  90  deg  (Fig.  8(b))- 
this  also  indicates  that  the  contributing  electron  orbit  may  be  tbe  p-d  hybridized  orbit  abovk 

Polarization 


Polarizer  Rot^sn  Angle  (deg) 

Hgure  8  (a)  Measuring  system  of  die  dependence  of  photovoltaic  effect  on  Ught  polarization  direction,  and 
(b)  photovoltaic  vtdtage  and  current  as  a  function  of  the  rotation 


DISPLACEMENT  MAGNIFICATION  MECHANISM 

Sinta  the  nugimiim  strain  level  of  the  pbotostriction  is  only  0.01  %  (this  conesponds  to  1  iim 
Jsplacementftm  a  10  ^  sample),  we  need  to  consider  a  sophisticated  magnification  mechanism  of  the 
displacemaL  We  etr^loyed  a  bimorph  structure,  which  is  anologous  to  a  bimetal  consisting  of  two 
^talic  plates  with  difibrmt  tbennal  eqKUisicn  coefficients  banded  together  to  genoate  a  hwming 
deformation  according  to  a  temperature  change.  Two  ITZT  plates  were  pasted  back  to  back,  but  wereplscS 
in  qjpoatc  poteization,  then  conneciDd  on  the  edges  electrically,  as  shown  in  Fig.  9.3)  A  purple  light 
(366  rm)  to  one  side,  which  graerated  a  photovoltaic  voltage  of  7  kV  across  the  length.  Hiis 

cau^tePLZT  platoon  that  side  to  e^iand  by  nearly  0.01  %  of  its  length,  while  tbe  plate  on  tbe  other 
(unlit)  side  extracted  due  to  tbe  piezoelectric  efGcct  through  the  photovoltage.  Since  the  two  plates  were 
bonded  tt^etto,  tbe  whole  device  beat  aw^  from  tbe  light  For  this  20  mm  long  and  0  J5  mm  thidt  bi- 
plate,  tbe  displacement  at  tbe  edge  was  150  pm,  and  die  response  speed  was  a  couple  of  seconds. 


irradlatkxt  of  light 


Hgure  9  Structure  of  the  photo^ven  bimotpb  and  its  driving  principle. 


DEVICE  APPLICATIONS 

In  this  section  we  will  introduce  the  ^)plications  of  pfaotostiiction  to  a  photo-driven  relay,  a  micro  walking 
marhinfi  and  a  photophone,  which  ate  designed  to  function  as  a  result  of  irradiation,  ^ving  neither  lead 
wires  nor  electric  circuits. 

PHOTO-DRIVEN  RELAY 

A  photo-driven  relay  was  ccmstructed  using  a  PLZT  photostrictive  bimorph  as  a  driver  which  consists  of 

two  ceramic  plates  bonded  together  with  their  polarization  directions  opposing  each  other  (Fig.  10).^)  A 
dummy  PLZT  plate  was  positioned  adjacent  to  the  bimorph  to  cancel  the  photovoltaic  voltage  genermed  on 
the  bimorph.  Utilizing  a  dual  beam  method,  switching  was  controlled  by  alternately  irradiating  the 
bimorph  and  the  dutmny.  The  time  delay  of  the  bimotpb  rhar  ordinarily  occurs  in  the  off  process  due  to  a 
low  Awtr  conductivi^  could  be  avoided,  making  use  of  this  dual  bem  method.  Figure  1 1  shows  the 
response  of  a  photostrictive  bimorph  tnatte  from  PLZT  doped  with  0.5  at%  WO3  under  an  illumination 

intensity  of  10  mW/cm^.  The  amount  of  displacement  observed  at  a  tip  of  the  bimotpb  (20  mm  long  aid 
0.35  mm  thick)  was  ±150  pm.  A  sn^  action  switch  was  used  for  the  relay.  Switching  by  a  displacement 
of  several  tens  of  micron  was  possible  with  this  device.  The  on/off  response  of  the  photo-driven  relay  is 


Rguie  11  Up  deflection  of  the  bimoiph  device  made  from  WO3  0  J  aL%  doped  PLZT  spider  a  dual  Vm 

control  (illumination  intensity:  10  mW/cm^). 
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Figure  12  On/off  response  of  the  photo-driven  relay. 
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Figure  13  Structure  of  the  photo-driven  mkio  waUdng  marhiiw  imft  the  irradiation  itimrtinng 


MICRO  WALKING  DEVICE 


A  pbotoKiriven  micro  walking  machine  has  also  been  developed  using  the  pbotostiictive  bimorphs.^)  It 
was  simple  in  structure,  having  only  two  ceramic  legs  (Smnax  2Qnunx  035mm)  fixed  to  a  plastic  board 
(Fig.  13).  When  the  two  legs  were  irradiated  with  purple  light  alternately,  the  device  moved  like  an 
inchworm.  The  photostrictive  bimorph  as  a  whole  was  caused  to  bend  by  ±150  pm  as  if  it  averted  the 
radiation  of  light  The  inchworm  built  on  a  trial  basis  exhibited  rather  slow  walking  speed  (several  tens 
ptnAnin)  as  shown  in  Hg.  14,  since  slip  occurred  between  the  contacting  surface  of  its  leg  and  the  floor. 
Hie  walking  speed  can  be  increased  to  ^iproximately  1  mm/min  by  providing  some  contrivances  such  as 
the  use  of  a  foothold  having  microgrooves  fitted  to  the  steps  of  the  legs. 


Hgure  14  Position  change  of  the  photo-driven  micro  walking  machine  with  time. 


PHOTOPHONE 

The  technology  to  transmit  voice  data  (i.  e.  a  phone  call)  at  the  speed  of  light  through  lasers  and  fiber  optics 
has  been  advancing  rapidly.  However,  the  end  of  the  line  —  interface  speaker  -  limits  the  technology,  since 
optical  phone  signals  must  be  converted  from  light  energy  to  mechanical  sound  via  electrical  energy  at 
present  The  photostriction  may  provide  new  photoacoustic  devices. 


Figure  IS  Experimental  setup  for  the  photo-induced  mechanical  resonance  measurement 


Photo-mechanical  resonance  of  a  PLZT  ceramic  bimorph  has  been  successfuUy  induced  using  chopped  near- 
ultraviolet  uradiadon,  having  neither  electric  lead  wires  nor  electric  circuits. ^0)  A  thin  cover  giatc  was 
^ched  on  the  photostrictive  bimorph  structure  to  decrease  the  resonance  fiequency  so  as  to  easily  observe 
the  photo-mduced  resonana.  Rgure  15  shows  the  experimental  setup  with  an  optical  chopper.  A  dual 
b^  method  was  used  to  irradiate  the  two  sides  of  the  bimorph  alternately;  intermittently  with  a  180  dee 

phase  difference.  Hie  mechanical  resonance  was  then  determined  by  changing  the  chopper  ftequency. 

The  tip  di^lace^t  of  the  thin-plate-aitacfaed  sample  as  a  function  of  chopper  fiequency  is  presented  in 
tig.  16.  Photo-mduced  mechamcal  resonance  was  successfully  observed.  The  restmance  fiequencv  was 
atout  75  Ife  with  the  mechanical  quality  fector  Q  of  about  30.  The  maximum  tip  of  this 

photostnctive  sample  was  about  5  ima  at  the  resonance  point,  smaUer  than  the  level  required  for 
sound.  However,  the  acluevement  of  photo-induced  mechanical  resonance  in  the  audible  frequency  ranse 
suggests  the  promise  of  photostrictive  PLZT  bimorph-type  devices  as  photo-acoustic  component^® 
photophones  ,  for  the  next  optical  communication  age.  ^  ^ 
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Figure  16  Photo-induced  mechanical  resonance  behavi®  of  the  PLZT  bimorph. 

CONCLUSION 

Phototno^  actua^  ^  be  driven  only  by  the  irradiation  of  light,  so  that  they  wiD  be  suitable  for  use 
m  aouators,  to  which  lead  wires  can  hardly  be  connected  because  of  their  ultra-smaU  size  or  of  their 

«■  outer  space.  The  photostrictive  bimorphs  wiU  also  be 
photophones.  Hie  new  principle  actuators  have  considerable  effects  upon  toe  future  mioo- 

Hiis  woric  was  partly  supported  by  US  Army  Research  Office  through  Contract  No.  DAAL  03-92-G-0244. 
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Abstract  —  Photosiriction  in  ferroeiectrics  arises  from  a 
superposition  of  photovoltaic  and  inverse  piezoelectric  effects.  This 
phenomenon  provides  promise  for  photo-acoustic  devices,  when  the 
response  has  been  sufficiently  improved.  In  this  paper,  B-site  donor 
doping  was  investigated  in  fPb,  La)(Zr,  Ti)03  based  ceramics  with 
the  aim  of  improving  the  response  speed.  Using  a  PLZT  bimorph 
configuration,  a  photoacousiic  device  was  trially  fabricated,  and  the 
fundamental  mechanical  resonance  was  observed  under  intermittent 
illumination  of  purple-color  light,  having  neither  electric  lead  wires 
nor  electric  circuit 


INTRODUCTION 

Photostrictive  effect  is  a  phenomenon  in  which  strain  is  induced  in 
the  sample  when  it  is  illuminated.  This  effect  is  tocused  especially 
in  the  field  of  optical  communication,  where  the  key  components  are 
solid  state  lasers  as  a  light  source,  optical  fibers  as  a  transfer  line, 
and  displays/telephones  as  a  visual/audible  interface  with  the  human. 
The  former  two  components  have  been  developed  fairly 
successfully,  and  the  photo-acoustic  device  (i.  e.  optical  telephone 
or  "photophone")  will  be  eagerly  anticipated  in  the  next  century. 
Photostrictive  devices  which  function  when  they  receive  the  energy 
of  light  will  be  particularly  suitable  for  use  in  the  above-mentioned 
fields. 

In  principle,  the  photostrictive  effect  is  the  superimposing  of  a 
photovoltaic  effect,  where  a  large  voltage  is  generated  in 
ferroeiectrics  through  the  irradiation  of  light,  and  a  piezoelectric 
effect,  where  the  material  expands  or  contracts  from  the  voltage 
applied.  The  photovoltaic  effect  mentioned  here  generates  a  grcater- 
ihan-band-gap  voltage,  and  is  quite  different  from  that  based  on  the 
p-n  junction  of  semiconductors  (i.  e.  solar  battery),  It  is 
generated  when  electrons  excited  by  light  move  in  a  certain  direcuon 
of  the  ferroelectric  crystal  due  to  the  spontaneous  polarization  (i.  e. 
crystallo-graphic  anisotropy). 

So  far,  most  of  the  studies  on  the  photovoltaic  effect  have  been 
made  on  single  crystals  to  clarify  the  origin  of  the  effect. ^’3) 
However,  our  research  group  has  been  focusing  on  polycrysialline 
samples  such  as  PbTi03-based^»^)  and  Pb(Zr,  Ti)03-based 
ceramics^’7)  from  a  practical  application  point  of  view.  High 

photovoltage  (*  1  kV/cm)  generators  with  relatively  quick  response 
(e  10  sec)  have  been  developed  in  the  (Pb,  La)(Zr,  Ti)03  (PLZT) 
system.  Moreover,  bimorph-type  photostrictive  elements  could 
exhibit  large  tip  deflections  under  UV  light  illumination. 

In  this  paper,  the  photovoltaic  effect  in  PLZT(3/52/48)  based 
ceramics  has  been  investigated  as  a  function  of  B-siie  donor 
dopants.  Then,  using  the  PLZT  bimorph,  a  photoacoustic  device 
was  trially  fabricated,  and  the  fundamental  mechanical  resonance 
was  observed  under  intermittent  illumination. 


SAMPLE  PREPARATION 

PLZT  (x/y/z)  samples  were  prepared  in  accordance  with  the 
following  composition  formula: 


Since  the  photostriction  figure  of  merit  is  defined  as  the  product  of 
the  photovoltaic  voltage  and  piezoelectric  coefficient 
=^^33  PLZT(3/52/48)  was  selected  due  to  its  optimum 

photostrictive  response  within  the  PLZT  system,^)  According  to 
our  preliminary  study  on  impurity  doping,^)  WO3  doped  PLZT 
ceramics  were  prepared. 

Ceramic  powders  were  prepared  by  a  conventional  mixed  oxide 
technique.  PbC03,  La203,  Zr02,  T1O2  and  WO3  were  weighed  in 
the  appropriate  proportions  and  mixed  in  a  ball  mill  for  2  days  using 
ethanol  and  zirconia  grinding  media.  0.5  wt%  excess  PbC03  was 
added  to  compensate  for  weight  loss  during  calcination  and 
sintering.  The  slurry  was  dried,  then  calcined  in  a  closed  alumina 
crucible  at  950  for  10  hours.  The  calcined  powder  was  ball- 
milled  again  for  48  hours.  The  samples  were  sintered  in  sealed 
alumina  crucibles  at  1270  for  2hrs.  A  PbO  rich  atmosphere  was 
maintained  with  lead  zirconate  powder  to  minimize  lead  loss  during 
sintering.  Sintered  samples  were  cut,  polished  and  electroded  with 
silver  paste.  Finally,  each  sample  was  poled  at  15  kV/cm  in  silicone 
oil  at  1200c. 


The  poled  PLZT  ceramics  were  used  to  make  bimorph  actuators. 
The  elements  were  20  x  4  x  0.15  mm^:  the  4  x  0.15  mm^  surface 
was  electroded  with  silver  paste  and  silver  wires  were  attached.  The 
bimorph  actuator  consisted  of  two  bonded  oppositely-poled  ceramic 
plates  (refer  to  Fig.  2). 


IMPURITY  DOPING  EFFECT 

Impurity  doping  on  PLZT  affects  the  photovoltaic  response 
significantly. Regarding  the  photostriction  effect,  it  is  known  that 
as  the  photovoltaic  voltage  increases,  the  strain  value  increases,  and 


Fig.  1  Changes  in  photovoltaic  current,  voltage,  power  and  tip 

displacement  as  a  function  of  dopant  WO3  concentration  in 
PLZT  (3/52/48). 
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with  incrtj^ing  phoio-current,  there  is  an  increase  in  the  overall 
response.  The  photovoltaic  response  is  enhanced  by  donor  doping 
onto  the  B-site  Ti5+,  w6^).  On  the  other  hand,  impuniy 

ions  subsuiuting  at  the  A«site  and/or  acceptor  ions  substituting  at  the 
B-siie.  whose  ionic  valences  are  small  ( 1  to  4).  have  no  effect  on  the 
response. 

Figure  1  shows  the  photovoltaic  current,  photovoltaic  voltage 
pnoto-induced  lip  displacement  and  stored  energy  (P=(l/2) 

3/52/48  samples  ploted  as  a  function  of  atm 
%  of  WO3  doping  concentration.  It  was  found  that  higher 
photovoltaic  response  can  be  obtained  in  WO3  doped  samples  The 
photovoltaic  voluge  reaches  1  kV/mm,  and  the  current  is  on  the 
order  of  nA.  The  maximum  of  the  saturated  tip  displacement  was 
about  120  pm  for  0.4  atm%  WO3  doped  samples.  The 
displacement  of  30  pm  could  be  obtained  in  one  second  under  a  light 
intensity  of  4  roW/cm^  (X  =  370  nm). 


PHOTO. ACOUSTIC  MEASUREMENT 


The  mechanical  resonance  frequency  of  this  bimorph  sample  can  be 
esumated  according  to  the  equation; 


/,=0.158x^ 


(1) 


where  t  and  1  are  the  thickness  and  length  of  the  bimorph  sample, 
respectively,  p  is  the  density  and  is  the  elastic  compliance  of  the 
ceramic.  The  calculated  resonance  frequency  of  the  PLZT  based 
bimo^h.  (/)  =  7.9  g/cm3  and  =  16  x  10-12  ni2/N).  was  about 
3  kHz:  too  high  for  photo-induced  resonance  measurements 
Therefore,  a  thin  cover  glass  was  attached  to  the  bimorph  sample  to 
reduce  the  resonance  frequency,  as  shown  in  Fig,  2.  Initially  to 
determine  the  electromechanical  resonance  behavior,  an  ac,  voltage 
was  applied  to  the  bimorph,  and  the  tip  displacement  was  monitored 
by  changing  the  drive  frequency,  using  the  experimental  setup 
shown  in  Fig.  3.  Figure  4  shows  the  mechanical  resonance 
characteristics  obtained  from  this  experiment.  The  resonance 
^quency  was  -  79  Hz  with  a  mechanical  quality  factor  Q  of  -  30. 
The  maximum  displacement  of  this  thin-plate  attached  samole  was 
ibout  14  4m  at  80  Vp,p.  ^ 


Then,  the  phoio-induccd  mechanical  resonance  was  measured  usinc 
the  system  shown  in  Fig.  5.  Radiation  from  a  high-pressure 
mercury  lamp  (Ushio  Electric  USH-500D)  was  passed  through  a 
UV  bandpass  filler  (Oriel  Co.,  No.5981  1),  an  IR  blocking  filter 
(Oriel  Co.,  No.59060),  an  optical  focusing  lens  and  an  optical 
chopper  to  provide  intermittent  sample  irradiation.  A  wavelength 
peak  of  370  nm,  where  the  maximum  photovoltaic  effect  of  PLZT  is 
obtained,  was  used.  A  dual  beam  method  was  used  to  irradiate  the 
two  sides  of  the  bimorph  aliemately.^)  Two  beams,  A  and  B,  were 
chopped  so  as  to  cause  a  180  degree  phase  difference  as  illustrated 


Fig.3  Experimental  setup  for  the  electro-mechanical  resonance 
measuremenL 


igJZ  Configuration  of  a  thin-plate  attached  photo-acoustic 
bimorph. 


Fig. 4  Electromechanical  resonance  behavior  of  the  PLZT 

bimorph. 
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Fig. 5  Experimental  setup  for  the  photo-induced  mechanical 

resonance  measuremenL 


Fig. 6  Wave  forms  for  the  two  beams  for  illuminating  the 

bimorph  sample. 


Fig. 7  Photo-induced  mechanical  resonance  behavior  of  the  PLZT 

bimorph. 


in  Fig.  6.  The  slow  recovery  because  of  the  low  dark  conductivity 
was  overcome  using  this  dual  beam  method.  The  mechanical 
resonance  was  then  determined  by  changing  the  chopper  frequency. 

The  lip  displacement  of  the  thin-plate-attached  sample  as  a  function 
of  chopper  frequency  is  presented  in  Fig,  7.  Photo-induced 
mechanical  resonance  was  successfully  observed.  The  resonance 
frequency  was  about  75  Hz  with  the  mechanical  quality  factor  Q  of 
about  30;  in  good  agreement  with  the  previous  electromechanical 
data.  The  maximum  tip  displacement  of  this  photostrictive  sample 
was  about  5  4m  of  resonance. 


CONCLUSION 

Photo-mechanical  resonance  of  a  PLZT  ceramic  bimorph  actuator 
has  been  successfully  induced  using  chopped  UV  irradiation,  having 
neither  electric  lead  wires  nor  electric  circuiL  A  thin  cover  glass  was 
attached  on  the  bimorph  structure  to  decrease  the  resonance 
frequency  so  as  to  easily  observe  the  photo-induced  resonance.  The 
resonance  frequency  was  75  Hz  with  a  mechanical  quality  factor  Q 
of  about  30  under  dual  beam  operation.  The  maximum  tip 
displacement  of  this  sample  was  about  5  4m,  smaller  than  the  level 
required  for  audible  sound.  However,  the  achievement  of  photo- 
induced  mechanical  resonance  in  the  audible  frequency  range 
suggests  the  promise  of  photostrictive  PLZT  bimorph-type  devices 
as  photo-acoustic  components,  or  "photophones",  for  the  next 
optical  communication  age. 
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Zig-Zag  Piezoelectric  Actuators:  Geometrical  Control 
of  Displacement  and  Resonance 
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ABSTRACT :  The  Zig-Zag  actuator  is  a  hybrid  design  combining  bimorph  and  multilayer  charac¬ 
teristics  that  is  capable  of  producing  and  sensing  usable  motion  in  two  dimensions.  The  mechanical 
impedance  can  be  optimized  by  changing  the  angle  between  the  legs  and  the  actuator’s  working  pa¬ 
rameters  controlled  by  changing  the  driving  voltage  and  its  frequency.  Two  interesting  features  of 
this  actuator  are  its  performance  as  a  linear  motor  and  its  ability  to  drive  a  load  in  two  directions. 


introduction  of  basic  principles 

PIEZOELECTRIC  micropositioners  are  of  increasing  im¬ 
portance  because  of  their  ability  to  move  objects  elec- 
tiomechanically  (Unchino,  1993).  This  capability  bridges 
ihc  electronic  and  structural  ceramics  fields,  and  produces 
tiny  displacements  with  high-speed  and  precision.  Adaptive 
optic  systems  incorporate  positioning  instruments  that  re¬ 
quire  both  precision  and  accuracy,  while  other  actuators  are 
incorporated  in  devices  that  utilize  their  resonating  ability, 
ns  in  buzzers  and  timing  instruments. 

Piezoelectric  materials  are  important  as  smart  materials 
because  they  have  both  sensing  and  actuating  abilities 
(Newnham  and  Ruschau,  1991).  They  can  convert  electrical 
energy  into  mechanical  energy  through  the  converse 
piezoelectric  effect,  and  mechanical  energy  into  electrical 
energy  through  the  direct  effect  (Jaffe  et  al.,  1971). 

Several  questions  must  be  answered  before  incorporating 
a  piezoelectric  actuator  into  a  specific  instrument.  How 
much  displacement  is  required?  How  much  force  must  the 
actuator  exert?  Is  a  resonance  effect  required?  When  the  ac¬ 
tuator  is  asked  to  supply  a  relatively  small  displacement 
with  a  high  force,  a  multilayer  stack  is  often  used  [Figure 
1(a)].  When  a  larger  displacement  is  required  and  a  lower 
force  can  be  tolerated,  a  bimorph  or  bender  is  used  [Figure 
1(b)].  Both  of  these  forms  may  be  driven  in  resonance,  or  at 
low  frequency  displacement  modes. 

In  an  effort  to  optimize  the  advantages  of  both  geometries, 
a  hybrid  design  was  conceived.  The  Zig-Zag  actuator  ap¬ 
pears  advantageous  for  certain  applications  with  interme¬ 
diate  requirements.  It  possesses  a  geometry  that  gives  both 
good  displacement  and  good  force.  Additionally,  the  Zig- 
Zag  actuator  exhibits  two-dimensional  movement  with  con¬ 
trollable  vertical  and  horizontal  components  that  include  in¬ 
termediate  angle  directions.  Primary  applications  will  be  in 
linear  motors  and  two-dimensional  positioning  and  sensing 
devices,  with  an  array  of  Zig-Zag  actuators  performing 


Aiwciaic  Editor:  K.  Reifsnider. 


transport  or  positioning  functions.  The  present  investigation 
involves  the  measurement  of  displacement  and  resonance 
characteristics  for  several  geometries  of  the  Zig-Zag  actua¬ 
tor.  A  schematic  diagram  of  the  Zig-Zag  actuator  is  shown 
in  Figure  1(c). 

ACTUATOR 

Zig-Zag  actuators  with  contact  angles  of  90®  and  30®  are 
shown  in  Figure  1(c).  The  limits  of  the  actuator  are  defined 
by  the  bimorph  and  multilayer  devices  of  the  same  composi¬ 
tion  and  linear  dimensions.  The  relationship  between  dis¬ 
placement  and  contact  angle  from  0®  to  180°  is  related  to 
the  governing  equations  for  a  bimorph  [Equation  (1)],  and  a 
multilayer  stack  [Equation  (2)]  (Buchanan,  1986).  At  an  an¬ 
gle  of  0°  the  multilayer  stack  equation  will  have  no  contri¬ 
bution,  and  at  an  angle  of  180°  the  bimorph  equation  will 
have  no  contribution. 


D  =  3/2  d„  V{UIT^) 

(1) 

D  =  du  V{LIT) 

(2) 

where 

D  =  displacement 
dii  =  transverse  charge  coefficient 
V  —  voltage 
L  =  length 
T  =  thickness 

These  two  equations  can  be  related  by  a  sine/cosine  in¬ 
teraction  relationship  that  would  result  in  each  of  the  equa¬ 
tions  dropping  out  at  their  respective  angles.  The  resulting 
relationship  may  be  represented  by  Equation  (3).  This  im¬ 
plies  the  Zig-Zag  equation  must  revert  to  Equation  (1)  at  0® 
and  Equation  (2)  at  180®. 

D  =  A  cos"  {Q/2)  +  B  sin"  (0/2)  (3) 
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where 


A  =  3/2  dj,  V{Dm) 

B  =  d,,  V{LIT) 

Q  =  angle  between  legs 
/j,  /?  =  adjustable  exponents 

To  demonstrate  this  behavior,  a  test  apparatus  was  con¬ 
structed  that  allowed  several  different  geometries.  The 
principal  geometrical  factor  is  the  angle  at  which  the  legs 
are  attached  as  illustrated  in  Figure  1(c).  Exp)eriments  were 
carried  out  at  three  angles:  30°,  45®.  and  90°. 


EXPERIMENTAL  PROCEDURE  AND  RESULTS 

To  fabricate  the  Zig-Zag  actuator,  the  legs  were  cut  from 
a  large  commercial  disk  of  PZT  8.  Each  leg  was  approx¬ 
imately  1  mm  thick,  45  mm  long,  and  10  mm  wide.  The 
plates  were  polished  and  electroded  with  silver  termination 
paint  and  sintered  at  600°C.  This  sintering  had  a  two-fo!d 
effect:  first  it  bonded  the  silver  electrode  to  the  PZT 
ceramic  and  densified  it.  and  secondly  it  removed  any  pre¬ 
vious  poling  orientations  and  restored  the  PZT  to  its  ran¬ 
domized  domain  structure.  The  electroded  PZT  plates  were 
then  poled  in  a  Neslab  Exacal  high  temperature  oil  bath 
with  a  Trek  cur-a-trol  H.V.  power  supply  model  610A. 
Poling  conditions  were  approximately  125®C  for  15 
minutes  with  an  applied  field  of  2.5  kV/cm.  The  J33  mea¬ 
surements  were  taken  with  a  Berlincourt  Piezo  Meter  to 
ensure  good  poling.  The  effect  of  aging  was  checked  by 
measuring  d^^  one  week  later. 

The  admittance  of  the  PZT  plate  was  measured  as  a  func¬ 
tion  of  frequency  using  a  computer-controlled  Hewlett- 
Packard  3511 A  Network  Analyzer.  This  information  was 
used  to  classify  the  plates  into  pairs  having  similar 
resonance  and  antiresonance  peaks. 

The  PZT  plates  were  bonded  to  the  metal  wedges  using  a 
strong  two-component  room  temperature  epoxy.  Due  to 
concerns  about  the  epoxy  absorbing  the  motion  of  the  actu¬ 
ator,  a  second  design  was  also  constructed  that  mechan¬ 
ically-clamped  the  PZT  plates.  Wire  leads  were  soldered  to 
the  electrodes  to  ensure  good  contacts. 

Displacement  measurements  were  made  with  the  LVDT 
system  and  an  eddy-current  sensor.  The  direction  of  the 
electric  field  and  measuring  device  were  alternated  to 
measure  movement  in  both  directions  (Table  1).  The  field 
was  applied  in  a  DC  fashion  ranging  from  0  to  1100  V/mm. 

An  aluminum  bar  suspended  on  ball  bearings  was  used  as 
a  load  in  testing  the  actuator  as  a  linear  motor  (Figure  3). 
The  height  of  the  actuator  was  adjusted  using  a  microposi¬ 
tioner. 


PIEZOELECTRIC  LINEAR  MOTOR 

The  required  motion  for  a  linear  motor  can  be  achieved 
by  driving  one  leg  with  a  sine  wave  and  the  other  leg  with 
a  sine  wave  that  is  90°  out  of  phase.  If  the  second  leg  is  90° 
ahead  of  the  first,  the  resulting  motion  will  be  clockwise, 
and  will  move  the  load  from  right  to  left.  If  the  second  leg 
IS  90°  behind  the  first  the  resulting  motion  will  be  counter¬ 
clockwise  and  the  load  will  be  moved  from  left  to  right.  A 
schematic  view  of  the  resulting  motion  when  the  actuator  is 
driven  in  this  manner  is  shown  in  Figure  2.  The  Zig-Zag 
design  allows  the  mechanical  impedance  of  the  actuator  to 
be  adjusted  to  the  specific  application  by  changing  the  angle 
between  the  legs. 


Figure  2.  Zig-Zag  actuator  being  driven  by  sine  and  costne  volt- 
apes. 
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Table  1.  Displacement  versus  angle  and  direction  of  measurement  and  applied 
electric  field  of  1100  V/mm  (epoxy  deisgn). 


Measured  Longitudinal 
Displacement  (fim) 


Measuring  Shear 
Displacement  (^m) 


^  leg  Separation 

^  \  Angle  In  Phase  Out  of  Phase  Out  of  Phase  In  Phase 


-  The  appropnsie  fields  for  circular  motion  were  produced 
Electronic  Instruments  1930A  multifunction 
i^iyiilhcsizer,  an  NF  1933 A  phase  shifter,  two  NF  4010  high 
power  amplifiers,  and  a  Tektronix  2445A  150  MHz 
^"cacilloscope  (Figure  3).  This  allowed  control  over  the  fre- 
f  'jgfcsKy  of  the  applied  functions  as  well  as  their  relationship 
:r  uj  0QC  another.  The  optimum  driving  frequency  was  ex- 
pefuncntally  determined  to  be  6-7  kHz  with  a  sine  wave 
•  ^^100  V).  At  these  frequencies,  the  Zig-Zag  actuator 
'^Ifove  the  load  at  approximately  1  cm  per  second  in  both  the 
jjfward  and  reverse  directions.  The  impedance  spectrum  of 
the  Zig-Zag  actuator  was  measured  with  respect  to  fre¬ 
quency  and  geometry,  using  the  same  equipment  used  to 
measure  the  single  plates. 

discussion 

In  constructing  the  Zig-Zag  actuator,  poled  plates  were 
paired  together  matching  resonance  and  antiresonance 
peaks  from  a  plot  of  the  admittance  spectrum.  Matching  the 
legs  in  this  manner  helped  to  compensate  for  problems  asso¬ 
ciated  with  variations  in  poling  and  thickness.  Several  Zig- 
Zag  actuators  were  constructed  using  different  sets  of  PZT 
plates.  The  aging  effects  that  occurred  in  PZT  proved  negli¬ 
gible  compared  to  other  parameters  in  the  experiment. 


Poling  of  the  individual  plates  must  be  done  in  such  a  way 
that  allows  them  to  be  matched  in  pairs.  The  displacements 
produced  by  the  two  legs  must  be  equal,  otherwise,  the  actu¬ 
ator  wastes  much  of  its  displacement  capabilities. 

Design  modifications  of  the  metal  parts  of  the  actuator 
were  carried  out  to  combat  several  problems.  The  move¬ 
ment  of  the  PZT  plates  in  some  directions  may  only  be  a  few 
microns.  Consequently,  a  major  concern  was  the  ability  to 
measure  the  movement  of  the  actuator.  If  the  epoxy  used  to 
bond  the  legs  was  too  “soft,”  the  motion  of  the  actuator  may 
be  absorbed  in  the  epoxy,  making  it  unmeasurable.  The 
epoxy  used  in  our  experiments  had  substantial  tensile 
strength,  but  relatively  low  shear  strength.  This  meant  that 
the  epoxy  should  be  subjected  to  as  little  shear  stress  as  pos¬ 
sible.  To  alleviate  most  of  the  shear  stresses  the  metal  base 
and  top  had  to  meet  the  PZT  legs  perpendicularly.  Metal 
wedges  were  used  on  the  base  and  top  to  avoid  cutting  the 
legs  on  an  angle.  An  angular  cut  would  subject  the  epoxy  to 
shear  stresses.  The  masses  of  the  base  and  the  top  were  also 
of  some  concern.  The  ratio  of  the  bottom  to  the  top  had  to 
be  high  enough  that  the  base  would  not  move.  If  they  both 
moved,  no  accurate  measurements  could  be  made.  The  top 
had  to  have  sufficient  mass  to  offset  the  effect  of  the  wire 
leads,  and  yet  be  small  enough  so  as  not  to  place  too  much 
stress  on  the  epoxy.  A  few  problems  arose  in  the  construc¬ 
tion  of  the  actuator,  especially  with  the  epoxy.  The  epoxy 


Figure  3,  Linear  motor  driving  setup. 
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Figure  4.  Attaching  methods:  (a)  perpendicular  epoxy,  (b)  plate/plate,  (c)  point/pfate,  (d)  plate/ 
plate  with  soft  metal  shims. 


used  in  this  study,  ECCOBOND,  was  manufactured  by 
Emerson  &  Cuming.  It  is  a  two-component  system  that 
cures  at  room  temperature,  and  to  assist  the  bonding,  some 
pressure  is  necessary.  The  required  pressure  was  produced 
by  a  C-ciamp,  When  the  applied  pressure  was  removed,  the 
epoxy  had  a  tendency  to  expand,  followed  by  cracking  and 
failure.  This  was  compensated  for  by  slightly  adjusting  the 
composition  of  the  epoxy  and  optimizing  the  applied 
pressure. 

Because  of  the  tendency  of  the  plates  to  fail  using  the  per¬ 
pendicular  epoxy  method  [Figure  4(a)],  a  clamping  method 
was  developed.  The  plate/plate  clamping  method  [Figure 
4(b)],  required  careful  machining  to  avoid  torsional  stresses 
that  might  fracture  the  ceramic  plates.  To  eliminate  these 
stresses  two  approaches  were  examined.  One  approach  was 
a  point  and  plate  clamp  rather  than  a  plate/plate  design,  as 
shown  in  Figure  4(c).  A  second  idea  was  to  use  a  soft  metal 
shim  that  plastically  deforms,  pressing  on  the  PZT  plate 
over  a  wide  area  [Figure  4(d)].  Of  these  four  designs  ex¬ 
amined,  the  plate/plate  with  soft  metal  shim  gave  the  best 
frictional  force  and  lowest  motion  loss  due  to  slippage.  This 
design  also  resulted  in  the  fewest  failures  due  to  torsional 
stresses  encountered  during  construction. 

The  frequency  at  which  the  actuator  operates  best  de¬ 
pends  on  several  factors.  These  factors  include  the  proper¬ 
ties  of  the  PZT  plates,  the  geometry  of  the  plate  and  the  ac¬ 
tuator,  and  the  mass  of  the  metal  parts.  The  properties  of  the 
PZT  plates  that  must  be  considered  are  its  density, 
mechanical  coupling  coefficient,  compliance,  and  electrode 
length  to  total  length  ratio.  All  of  these  factors  play  a  role  in 
the  resonance  spectrum  of  the  actuator  and  its  usefulness  as 
a  linear  motor.  Relatively  small  changes  in  the  construction 
of  the  actuator  resulted  in  large  changes  in  the  optimum 
driving  frequency. 

The  largest  problem  yet  to  be  overcome  is  that  of  attach¬ 
ing  the  PZT  legs  to  the  metal  parts.  Finding  the  best  method 
of  Joining  the  parts,  to  give  the  highest  frictional  forces  with 
the  fewest  construction  failures,  is  difficult.  If  the  connec¬ 
tion  is  loo  weak,  the  actuator  motions  are  not  transmitted  to 
the  base,  producing  an  error  in  the  measurements.  If  the 
connection  is  too  strong,  the  ceramic  may  crack,  again  re¬ 


ducing  the  motion.  These  coupling  problems  are  amplified 
when  the  device  is  driven  at  resonance. 


FUTURE  WORK 

The  Zig-Zag  actuator  can  also  take  advantage  of  the  direct 
piezoelectric  effect,  and  be  used  as  a  two-dimensional  sen¬ 
sor.  In  this  way  the  actuator  can  sense  and  transmit  informa¬ 
tion  about  the  direction  and  displacement  of  an  applied 
force.  The  phase,  magnitude  and  frequency  spectrum  of  the 
sensor  signals  determine  the  direction  and  force  or  displace¬ 
ment  of  the  stimuli. 


CONCLUSIONS 

This  investigation  provides  a  preliminary  study  of  the 
construction  and  the  effects  of  geometry  on  the  Zig-Zag  ac¬ 
tuator.  The  Zig-Zag  transducer  has  performed  well  as  a 
linear  motor  and  in  the  future  may  function  as  a  two- 
dimensional  sensor,  as  well  as  a  two-dimensional  actuator. 
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ABSTRACT 

A  new  type  of  piezoelectric  air  transducer  has  been  developed  for  active  noise  control  and  other  air  acoustics  applications 
The  transducer  is  based  on  the  composite  panel  structure  of  a  bimorph-based  double  amplifier,  that  is,  two  parallel  bimorphs 
I  or  bimorph  arrays  with  a  curved  cover  plate  as  an  active  face  attached  to  the  top  of  the  bimorphs.  The  electro-mechanical  and 
I  properties  of  the  double  amplifier  structure  and  the  transducer  are  investigated  in  this  paper.  The  displacement 

of  the  cover  plate  of  the  double  amplifier  structure  can  reach  millimeter  scale  with  a  relatively  low  driving  voltage,  which  is 
I  more  than  ten  times  larger  than  the  tip  displacement  of  bimorphs.  The  sound  pressure  level  (SPL)  of  the  transducer  can  be 
I  larger  than  90dB  (near  field)  in  the  fiequency  range  from  50  to  lOOOHz  and  be  larger  than  80dB  (far  field)  from  200Hz  to 
lOOOHz,  with  the  largest  value  more  than  130dB  (near  field).  Because  of  its  light  weight  and  panel  structure  it  has  the 
;  potential  to  be  used  in  active  noise  control.  ’ 

Keywords:  piezoelectric  transducers,  bimorphs,  double  amplifier  structure,  air  acoustics,  active  noise  control 

i 

i  J.  INTRODUCTION 

I  The  electromechanical  transducers  based  on  piezoelectric  materials  have  been  widely  used  for  many  decades.  However,  ' 
:  most  of  these  transducers  are  used  in  the  areas  of  ultrasonics  and  underwater  acoustics.'  It  is  still  difficult  to  apply 
piezoelectric  materials  or  devices  in  air  acoustics,  especially  at  low  frequency  range.  On  the  other  hand,  because  of  their 
^  imique  properties,  such  as  high  elecfromechanical  coupling  efficiency,  the  ability  of  both  sensing  and  transmitting,  low  loss, 

I  light  weight  and  panel  structure,  it  is  highly  desirable  to  use  piezoelectric  transducers  at  low  frequency  range  and  active  noise 

!  There  are  two  main  problems  to  be  solved  to  apply  piezoelectric  transducers  in  air  acoustics  and  active  noise  control.  One  I 
L  is  that  the  displacement  must  be  much  larger  than  that  of  the  common  ceramic  actuators  because  the  radiated  acoustic  energy  ' 
is  proportional  to  the  square  of  the  displacement  amplitude.^  Another  one  is  that  the  acoustic  impedance  should  be  matching 

to  air  to  ensure  an  effective  acoustic  flow  from  the  transducer  to  the  medium. 

I  Among  all  the  piezoelectric  actuators,  bimorph  type  actuators  generate  the  largest  displacement  (tip  displacement).^ 

^  However,  the  displacement  is  still  not  large  enough  to  be  used  in  air  acoustics  at  low  fiequency  range.  In  this  paper,  a  new 
type  of  piezoelectric  transducer  based  on  the  idea  of  bimorph-based  double  amplifier  structure  is  presented.  The  displacement 
,  generated  by  the  double  amplifier  structure  can  be  more  than  ten  times  laiger  than  the  tip  displacement  of  bimorphs.  The 
!  acoustic  impedance  matching  between  the  transducer  and  air  can  be  obtained  by  carefully  choosing  the  cover  plate  (active  face) 
materials  and  its  geometric  configurations.  As  a  result  of  these  new  designs,  the  transducer  is  promising  to  be  used  in  active 
noise  control  as  a  sound  transmitter. 

2.DESIGN  PRINCIPLES 

The  basic  configuration  of  the  bimorph-based  double  amplifier  structure  is  shown  in  Fig.  1.  The  structure  mainly  consists 
of  two  p^llel  bimorphs  with  a  curved  (triangle  shape)  cover  plate  as  an  active  face  attached  to  the  top  of  the  bimorphs. 
Higher  displacement  is  achieved  by  changing  the  tip  displacement  of  bimorphs  to  a  flexural  motion  of  the  cover  plate.  That 
is,  when  the  bimorphs  vibrate  horizontally,  the  cover  plate  vibrates  vertically  with  larger  amplitude.  Fig.  1(b)  is  the 
schematic  of  the  displacement  of  the  cover  plate  and  bimorph  actuators.  From  the  geometric  consideration,  the  vertical 
displacement  of  the  middle  point  on  the  cover  plate  can  be  described  as: 


cover^ate 


.  bimorph  . 
actuators 


-tip  point 


substrate 


L:  distance  between  bimorphs  h:  height  of  bimorphs 

t:  thickness  of  bimorphs  g:  height  of  the  cover  plate 

(a)  Cross  section  of  the  double  amplifier  structure 


original 


^  after  displacement  ^ 


A:  tip  displacement  of  bimorphs  displacement  of  the  middle  point  of  the  cover  plate 
(b)  Displacement  of  the  double  amplifier  structure 
Fig.  1 .  Configuration  of  the  Bimorph  Based  Double  Amplifier  Structure 

^  =  VgVL-A-g 

where  ^  is  the  displacement  of  the  middle  point; 
g  is  the  height  of  the  cover  plate; 

L  is  the  distance  between  bimorph  actuators; 

A  is  the  tip  displacement  of  bimorphs. 

We  define  the  amplification  factor  of  the  displacement  as: 

^  _  middle  point  displacement  of  cover  plate  _  ^ 
tip  displacement  of  bimorph  A 

so, 

.  A 

If  L-A  «  g^  then 

I  2  „  L-A,  L-A 

Vg  +L-A=g(l  +  — -)  =  g  +  -— 


2 


Therefore, 

2g 

(3) 

and, 

A  2g 

(4) 

This  is  why  the  displacement  of  the  cover  plate  is  much  larger  than  the  tip  displacement  of  bimorphs. 

I  Shown  in  Fig.  2  is  the  transducer  constructed  from  the  bimorph-based  double  amplifier  structure.  Instead  of  two  parallel  i 
j  bimorphs,  two  parallel  bimorph  arrays  are  used  here  and  the- cover  plate  is  fixed  on  the  top  of  the  bimorph  arrays  so  that  ' 
larger  radiation  area  is  obtained.  Loudspeaker  paper  is  chosen  as  the  cover  plate  because  of  its  excellent  mechanical  and 
j  acoustic  properties  and  light  weight.  The  other  two  lateral  faces  were  also  sealed  by  loudspeaker  papers  so  that  the  transducer 
I  can  work  effectively  as  a  monopole  source.* 


Fig.  2.  Configuration  of  the  Double  Amplifier  Transducer 


3-. . SAMPLE  PREPARATION  AND  MEASUREMENT  TECHNIOl  IF. 

Bimorph  actuators  can  be  operated  in  series  (the  poling  directions  of  the  two  piezoelectric  plates  are  opposite)  or  in  parallel 
(the  poling  directions  of  the  two  piezoelectric  plates  are  consistent)  configurations.  All  the  bimorphs  used  in  this  paper  are  in 
parallel  structure.  They  are  made  from  a  kind  of  PZT  5H  type  piezoelectric  material®  and  the  dimensions  are  20.0mm  X  7.0 
X  1.0mm.  The  loudspeaker  paper  is  from  Nu-Way  Company  with  the  thickness  of  0.56mm.’  The  experiments  were 
conducted  both  on  the  double  amplifier  structures  and  the  transducer.  For  the  double  amplifier  structure  experiment,  the 
bimorphs  are  mechanically  clamped  at  one  end,  and  the  cover  plate  is  fixed  on  the  top  of  bimorphs  by  super  glue.  The 
displacement  of  middle  point  and  tip  point  are  measured  by  using  MTI 2000  Fotonic  Sensor®  under  quisistatic  and  dynamic 
conditions.  Fig.  3  is  the  schematic  drawing  of  the  measurement  setup.  The  resonant  frequency  of  the  structure  was  determined 
by  an  HP-4194  Impedance  Analyzer.  For  the  transducer  study,  the  bimorph  arrays  were  fixed  in  the  slots  on  the  plastic 
substrate  by  super  glue.  The  displacement  at  the  central  point  (point  A  in  Fig.  2)  of  the  cover  plate  and  at  the  intersection 
point  of  the  central  line  and  edge  of  the  cover  plate  (point  B  in  Fig.  2)  was  measured.  The  sound  pressure  level  of  the 
transducer  was  also  studied  in  an  anechoic  chamber  by  using  B  &  K  4135  type  condenser  microphone.*  In  measurement,  the 


I  transducer  is  baffled  in  a  large  rigid  plane  and  the  measurement  points  are  on  the  axis  which  goes  through  the  central  point 
I  and  perpendicular  to  the  substrate  as  shown  in  Fig.  4,  The  distances  between  the  measurement  points  and  the  central  point 
I  are  5.0mm  and  1  .Om  respectively.  The  former  situation  is  called  near  field  and  the  latter  is  far  field.’° 


Fig.  3.  Schematic  Drawing  of  the  Displacement  Measurement  Setup 


Fig.  4.  Schematic  Drawing  of  Sound  Pressure  Level  Measurement  Setup 


The  dependence  of  the  middle  point  displacement  and  amplification  factor  on  the  height  of  the  cover  plate  was  evaluated 
under  quisistatic  condition  (driving  frequency  =  1  Hz)  for  the  double  amplifier  structures  with  L  =  50.0mm  and  60.0mm  (see 
Fig.  1)  respectively,  and  the  results  were  presented  in  Fig.  5.  As  the  height  of  cover  plate  g  decreases,  the  middle  point 
displacement  increases  first,  and  then  decreases.  The  largest  displacement  was  obtained  when  the  distance  between  bimorphs 
was  50mm  and  the  height  of  cover  plate  was  1.0mm.  The  largest  displacement  can  reach  450)im  (0.450mm)  with  a  driving 
voltage  of  lOOV  (peak-peak  value).  Fig.  5  also  reveals  that  the  amplification  factor  always  increases  as  the  height  of  the 
cover  plate  is  reduced.  The  amplification  factor  can  reach  more  than  ten  easily.  When  the  driving  voltage  is  lOOV  (peak-peak 
value),  the  tip  displacement  of  the  bimorphs  without  loading  is  37,63p,m,  which  is  called  free  tip  displacement.  Hence  the 
middle  point  displacement  can  be  more  than  ten  times  larger  than  the  free  tip  displacement  of  the  bimorphs.  Fig.  6  shows  the 


I  displacement  of  the  middle  point  as  a  tiinction  of  the  driving  voltage.  The  displacement  of  the  middle  point  increases  almost 
linearly  with  the  driving  voltage.  It  is  expected  that  the  displacement  of  the  middle  point  can  reach  about  1.5mm  when  the 
:  driving  voltage  is  raised  to  300V  (peak-peak  value)  or  1  lOV  (rms  value). 
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■  Displacement,  L=50mm 

■  Amplification  factor,  L=50mm 


■  Displacement,  L=60mm 
-  Amplification  factor,  L=60mm 


Fig.  5.  Displacement  and  Amplification  Factor  of  the  Double  Amplifier  Structure  (f=lHz,  Vp-p=l(X)V) 


Equations  (1)  to  (4)  show  that  the  middle  point  displacement  should  always  increase  as  the  cover  plate  height  is  reduced, 
so  does  the  amplification  factor.  However,  when  the  height  of  the  cover  plate  decreases,  the  effective  loading  of  the  cover  plate 
will  increase,  and  a  larger  force  is  needed  to  push  the  cover  plate.  The  relationship  between  the  generated  force  and  tip 
displacement  of  bimorph  can  be  described  as;‘^ 


r_Y/w  3d„h=E 
4h^  2t 


where  Yc  is  Young’s  modules  of  ceramic  material; 

dsi  is  piezoelectric  constant  of  ceramic  material; 
w  is  width  of  bimorph; 

E  is  applied  electric  field. 


When  a  larger  force  is  needed,  the  tip  displacement  of  bimorph  will  reduce.  Therefore,  when  the  height  of  cover  plate 
decreases,  there  are  two  competing  factors  which  influence  the  middle  point  displacement  of  the  cover  plate.  One  is  that  the 
middle  point  displacement  will  increase  according  to  the  geometric  relationship,  so  does  the  amplification  factor.  Another  one 
is  that  the  tip  displacement  of  bimorph  will  decrease,  which  will  reduce  the  middle  point  displacement.  Therefore,  there  is  an 
optimum  point  where  the  maximum  value  of  the  middle  point  displacement  is  obtained.  However,  the  amplification  fector 
will  always  increase  when  the  cover  plate  height  decreases  as  long  as  the  geometric  relationship  is  valid.  The  similar 
situation  will  happen  when  the  distance  between  the  bimorphs  is  changed. 
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•« - Middle  point,  measured  value,  L=50mm 

■■ - Middle  point,  measured  value,  L=:60mm 

^  -  Tip  point,  measured  value,  L=50mm 


-  o  -  -  Middle  point,  calculated  value,  L=50mm 

-  □  -  -  Middle  point,  calculated  value,  L=60mm 

-  -  Tip  point,  measured  value,  L=60mm 


Fig.  7.  Displacement  of  the  Double  Amplifier  Structure  (f=l  Hz,  Vp-p=100V) 


I  Besides  these  two  factors,  there  is  an  additional  factor  should  be  considered  is  the  buckling  of  the  cover  plate.  If  the' 
■  buckling  of  the  cover  plate  happens,  the  geometric  relationship  (equation  (1))  will  not  be  hold,  and  the  middle  point 
1..  displacement  of  cover  plate  will  become  smaller. 


dtsplacement  of  bimorphs,  the  measured  displacement  of  the  middle  point,  and  the  calculated  displacement  of  the 
middle  point  accordmg  to  equation  (1)  are  presented  in  Fig.  7.  The  tip  displacement  decreases  rapidly  when  g  is  below 
:  1.0mm  for  L  50.0mm  and  1.5mm  for  L  -  60.0mm,  which  results  in  a  decrease  in  the  middle  point  displacement  When  a 
I  IS  larpr  than  1.0mm  for  L  =  50mm  and  1.5mm  for  L  =  60mm,  there  is  no  buckling  of  the  cover  plate  since  the  calculated 
middle  point  displacement  is  nearly  the  same  as  the  measured  yalue.  Below  these  values  buckling  of  the  cover  plate  occurs. 

I  The  dependence  of  the  resonant  fiequency  on  the  height  of  the  cover  plate  is  shown  in  Fig.  8  for  L  =  50.0mm  and 
L  60.0nim.  For  this  amplifier  structure,  the  cover  plate  can  be  considered  as  an  effective  mass  loading  attached  on  the  top  of  the 
I  bimorph  beams,  which  reduces  the  resonant  frequency  of  the  bimoiph  beams.”  As  the  height  of  the  cover  plate  decreases  and 
I  the  distance  between  bimorphs  increases,  the  effective  loading  of  the  cover  plate  increases,  resulting  in  a  decrease  of  the 
resonant  frequency.  This  is  consistent  with  the  experimental  results. 


Fig.  8.  Resonant  Frequency  of  the  Double  Amplifier  Structure 


The  relationship  between  the  displacement  and  frequency  is  shown  in  Fig.  9  for  L  =  50.0mm,  g  =  1.0mm.  From  the  ' 
comparison  of  the  tip  displacement  of  bimorphs,  the  calculated  displacement  of  middle  point,  and  the  measured  displacement  ‘ 
of  middle  point,  it  can  be  concluded  that  the  cover  plate  can  keep  its  shape  from  buckling  during  vibration  in  the  frequency 
range  up  to  about  two  times  of  the  resonant  frequency,  that  is,  the  transducer  can  work  effectively  in  the  frequency  range  up  to 
the  two  times  of  the  resonant  frequency. 


4,2,  Pigplacement  and  sound  pressure  level  of  the  double  amplifier  transducer 


Based  on  the  experimental  results  and  analyses  of  the  double  amplifier  structures,  the  bimorph-based  double  amplifier 
transducer  was  constructed.  The  dimensions  of  the  transducer  are: 
the  distance  between  the  bimorphs  L  =  50.0mm; 
the  height  of  the  cover  plate  g  =  3.5mm; 
the  width  of  the  bimorph  arrays  W  =  60.0mm; 
the  height  of  bimorphs  h  =  18.0mm. 

Therefore,  this  transducer  can  be  expected  to  work  effectively  up  to  1000  Hz,  which  is  the  frequency  range  desirable  for  the 
active  noise  control. 
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Displacement  of  Tip  Point  (pm) 


I  The  dependence  of  the  displacement  of  the  point  A  and  pointVof  the  cover  plate''  (see  Fig!  2)  on  frequency  is  shown  in 
I  Fig.  10.  Due  to  clamping  effect  of  the  two  lateral  faces  which  are  made  of  loudspeaker  paper  and  are  inactive,  and  due  to  the 
_  loading  effect  of  the  air  in  the  closed  chamber  of  the  transducer,  the  displacement  of  point  A  is  some  smaller  than  that  of  the 
middle  point  displacement  of  the  double  amplifier  structure  with  the  same  L  and  g  values,  and  the  displacement  of  point  B  is 
smaller  than  that  of  point  A,  but  the  displacement  of  the  cover  plate  is  still  much  larger  than  the  tip  displacement  of 
bimorphs.  The  height  of  the  peak  in  the  resonant  frequency  also  becomes  weaker  and  smooth  due  to  these  clamping  and 
j  loading  effects . 

L  The  frequency  dependence  of  the  sound  pressure  level  (SPL)  was  presented  in  Fig.  1 1.  The  SPL  of  the  near  field  can  be 
I  larger  than  90dB  in  the  frequency  range  from  50  to  lOOOHz,  and  the  largest  value  can  reach  more  than  130dB.  For  the  fr 
;  field,  the  SPL  can  reach  more  than  80dB  when  the  frequency  is  higher  than  200Hz,  which  is  suitable  for  active  noise  control. 
j_  Larger  SPL  value  can  be  easily  obtained  by  increasing  the  width  of  the  bimorph  arrays.  Another  approach  to  get  larger  SPL 
I  value  is  to  construct  the  transducer  with  multi-double  amplifier  structure,  as  shown  in  Fig.  12. 

I-  5.  CONCLUSIONS 

I  Bimorph-based  double  amplifier  structure  and  the  transducer  based  on  this  structure  have  been  constructed  and  studied  in 
U  this  paper.  It  was  demonstrated  that  with  relatively  low  voltage,  the  displacement  of  the  active  face  can  reach  millimeter  scale, 
which  is  more  than  ten  times  larger  than  the  tip  displacement  of  bimorphs.  The  sound  pressure  level  of  the  piezoelectric 
j  transducer  can  be  larger  than  90dB  (near  field)  between  50  to  lOOOHz  and  80dB  (far  field)  between  200  to  lOOOHz.  And  the 
|..  largest  value  can  reach  130dB  (near  field).  Because  of  its  light  weight  and  panel  structure,  it  is  potential  to  use  this  new 
;  piezoelectric  air  transducer  in  active  noise  control. 

i 

L  As  the  fu^t  result  of  the  bimorph-based  double  amplifier  transducer,  further  improvements  in  transducer  performance  are 
j  expected  using  improved  materials  and  design.  Instead  of  bimorph,  some  other  ceramic  actuators  such  as  unimorph  or 
I  monomorph  can  also  be  used  in  the  double  amplifier  structure  and  transducer  design. 
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Fig.  11.  Sound  Pressure  Level  of  the  Transducer 
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Fig.  12.  Configuration  of  the  Transducer  Constructed  from  Multi-Double 
Amplifier  Structure  (the  arrows  represent  the  moving  direction) 
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Abstract:  Collocated  smart  structures  provide  the  most  effective  technique  of 
influencing  the  stimuli.  Such  systems  can  also  be  used  for  absorbing  underwater 
acoustic  waves.  A  collocated  system  is  designed  by  mounting  piezoelectric  sensor 
on  a  multilayer  PZT  discs  stack.  Using  PZT  sensor  for  narrowband  response  and 
modified  lead  titanate  sensor  for  broadband  response,  the  effectiveness  of  these 
smart  structures  in  absorbing  acoustic  waves  is  experimentally  determined  by 
using  an  acoustic  tube. 

INTRODUCTION 

It  has  been  shown  that  collocated  smart  structures  can  be  used  in  active  vibration 
control  and  removal  of  energy  from  the  vibration  field  [1,2].  These  collocated  systems 
for  vibration  control  are  designed  by  directly  mounting  a  piezoelectric  sensor  on 
multilayer  stack  of  piezoelectric  (generaUy  PCT)  diin  discs.  The  piezoelectric  thin  discs 
in  the  actuator  are  mechanically  in  series  and  electrically  in  parallel  so  that 
displacements  of  each  disc  adds  up.  If  the  sensor  voltage,  whidi  develops  due  to 
pressure  change  on  the  sensor  surface,  is  amplified,  inverted  in  phase  and  applied  to 
the  actuator,  the  dynamic  compliance  of  the  sensor-actuator  composite  can  be 
controlled  and  used  in  active  vibration  control.  The  material  properties  play  a  ctudal 
role  in  the  designing  of  the  systems.  For  example  to  obtain  a  narrowband  response 
from  a  simple  collocated  system,  a  PZT  sensor  can  be  used.  But  for  broadband 
response,  there  are  restrictions  on  choice  of  sensor  material.  A  modified  lead  titanate 
sensor  is  required  to  obtain  broadband  response  from  a  simple  collocated  system.  In 
these  systems  there  is  a  very  strong  field  coupling  between  the  sensor  and  the  actuator 
and  therefore  they  are  quite  difficult  to  design  because  of  stability  considerations. 
However,  they  provide  the  most  effective  technique  of  controlling  the  field  since 
sensing  and  actuating  takes  place  at  the  same  point.  It  should  also  be  pointed  out  diat 


by  moving  the  sensor  surface  by  electronic  feedback  to  the  actuator,  the  acoustic 
impedance  of  the  smart  material  (sensor-actuator  composite)  can  be  controlled.  This 
presents  the  opportunity  of  using  these  smart  systems  for  underwater  acoustic 
absorption  and  therefore  making  them  useful  in  many  applications.  In  this  work  we 
investigate  the  underwater  acoustic  absorption  by  collocated  smart  materials. 

Experimental 


Figure  1  shows  the  collocated  smart  system  which  has  been  used  to  absorb  energy 
from  underwater  acoustic  waves.  For  this  investigation,  an  acoustic  tube  experiment 
was  set  up  as  shown  in  fig.  2.  A  3  feet  long  aluminum  tube  with  3  inch  internal 
diameter  and  0.5  inch  wall  thickness  was  used  as  an  acoustic  tube. 

Pressure  wove 


Sensor 


Actuoter 


Feed  bode 
ORiolifier 


FIGURE  1.  Collocated  Smart  MateriaL 


Standard  navy  transducer  J9,  which  operates  at  low  frequencies,  was  placed  on  one 
side  of  the  acoustic  tube  and  a  cell  as  shown  in  fig.  3,  was  designed  to  house  sensor- 
actuator  combination.  The  cell  was  placed  on  the  other  side  of  the  acoustic  tube.  A 
solid  aluminum  cone  was  joined  to  the  sensor  in  the  cell  to  increase  the  effective  area 
of  the  sensor.  The  cell  was  filled  with  castor  oil  so  *b«t  the  gap  between  the  rubber 
diaphragm  and  the  aluminum  cone  contain  castor  oil  which  would  provide  acoustic 
coupling  between  the  diaphragm  and  the  cone.  Because  of  air  bubble  problems  the  cell 
design  was  changed  to  remove  castor  oil.  The  rubber  diaphragm  was  glued  directly  to 
the  aluminum  cone. 


FIGURE  2.  Acoustic  tube  set  up  for  underwater  acoustic  wave  absorption  measurement. 


HGURE  3. 


M  wntaining  coUo^ed  sensor  actuator  combinatioiL  A  low  noise 

preamplifier  is  housed  m  a  cavity  in  the  aluminium  block  behind  the 
actuator. 


Narrowband  Response 


In  this  case  a  PZT  disc  was  used  as  a  sensor  in  sensor-actuator  smart  composite 

and  a  high  Q  bandpass  filter  was  placed  in  the  feedback  circuit.  Assuming  that 

diameter  of  the  tube  is  small  compared  to  the  wavelength  so  that  plane  wave 

propagates  in  the  tube,  the  pressure  as  a  function  of  length  in  the  acoustic  tube  can  be 

calculated  by  solving  the  well  known  Helmholtz  equation  and  tqiplying  the  appropriate 

boundary  conditions.  This  assumption  is  cleariy  valid  for  the  low  frequencies  used  in 

the  experiment.  In  the  experimental  set  up,  provision  was  made  to  monitor  the 

« 

pressure  along  the  axis  of  the  tube  by  placing  very  small  pressure  sensors  through 
very  small  holes  in  the  wall  of  die  tube.  The  acoustic  tube  was  lowered  in  the  water 
tank  and  filled  with  water  so  that  whole  acoustic  tube  with  J9  and  cell  on  its  sides  was 
submerged  in  the  water.  Care  was  taken  to  remove  all  air  bubbles  frwn  the  acoustic 
tube.  The  signal  from  the  sensor  was  amplified,  passed  through  the  bandpass  filter 
which  was  tuned  to  the  J9  frequency,  inverted  in  phase  and  tqiplied  to  the  actuator. 
The  effect  of  the  sensor-actuator  combination  on  the  pressure  along  the  ayis  of  the  tube 
could  not  be  seen  due  to  small  applied  voltages  to  the  actuator.  Alternatively,  the 
sensor  voltage  was  monitored  with  and  without  feedback  applied  to  the  actuator.  The 
frequency  of  the  standard  transducer  J9  was  changed  and  the  bandpass  filter  in  the 
feedback  circuit  was  tuned  to  the  same  frequency.  Figure  4  shows  the  effect  of 
feedback  on  the  sensor  voltage.  The  reduction  in  sensor  voltage  when  feedback  was 
^plied  implies  that  the  smart  material  partially  absorbed  the  incident  acoustic  wave. 
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FIGURE  4.  Narrowband  response  of  the  collocated  sensor*actuator  combination  for 
the  under  water  acoustic  absorption. 

Broadband  Response 

The  PZT  sensor  was  replaced  with  modified  lead  titanate  sensor  in  the  cell  and  the 
high  Q  bandpass  filter  was  removed  from  the  feedback  circuit  The  feedback  circuit 
used  in  this  system  is  described  elsewhere  [2].  The  sensor  voltage  was  monitored  with 
and  without  feedback  to  the  actuator,  pie  frequency  of  transducer  J9  was  changed  and 

sensor  voltage  again  monitored.  Figure  5  shows  the  broadband  response  of  the  sman 
system. 

RESULTS  AND  DISCUSSION 

Figure  4  shows  the  narrowband  response  in  which  the  ratio  of  sensor  voltage 
without  and  with  feedback  ^iplied  to  the  actuator  as  function  of  frequency  is  plotted. 
Higher  reduction  factor  implies  higher  effectiveness  of  the  smart  system  since  the 
sensor  voltage  is  a  measure  of  acoustic  impedance  of  the  smart  system.  The  reduction 
factor  obtained  is  about  50  at  low  frequencies  dropping  to  about  35  around  2  kHz.  The 
drop  in  sensor  voltage  reduction  factor  is  expected  since  response  time  of  the  actuator 
comes  into  picmte. 


Brood  Bond  Rtsponst 


FIGURE  5.  Broadband  response  of  the  collocated  sensor-actuator  combination  for 
the  underwater  acoustic  absorption. 

The  broadband  response  of  the  smart  system  is  obtained  without  using  a 
order  filter  in  the  feedback  circuit.  This  design  is  possible  because  of  low  planar 
coupling  coefficient  of  modified  lead  titanate.  Again  the  sensor  voltage  reduction 
is  seen  to  be  55  at  low  frequencies  dropping  to  40  at  1.5  kHz.  This  is  a  broadband 
response  of  the  smart  system  since  there  is  no  bandpass  filter  in  the  feedback  circuit 
and  only  J9  frequencies  ate  changed  keeping  the  J9  voltage  same  at  each  frequency. 
These  results  for  narrowband  and  broadband  response  show  that  it  is  possible  to 
control  the  acoustic  impedance  of  the  smart  structures  and  remove  energy  from  the 
incident  acoustic  waves. 

REFERENCES 

1.  S.  Kumar,  A.  S.  Bhalla,  L.  E.  Cross.  ”  Smart  Ceramics  for  Acoustic  and  Vibration 
Control.”  /.  Intelligent  Material  Systems  aad  Structures,  Vol.  5,  No.  5, 678-682 
(1994). 

2.  S.  Kumar,  A.  S.  Bhalla,  L.  E.  Cross.  ”  Broadband  Vibration  Control  Using  Smart 
Ceramics.”  /.  Intelligent  Material  Systems  and  Structures,  Vol.  5,  No.  5, 673-677 
(1994). 


APPENDIX  52 


J - - 


Dynamic  Characteristics  of  Rainbow  Ceramics 


Materials  Jlescareh  Lthorator);  'Hie 


The  piezoelectric  resonance  behavior  of  end>clainped 
bimorph  structures  made  from  the  rainbow  monolithic 
ceramic  have  been  evaluated.  Thickness,  width,  width  flex¬ 
ure,  and  length  bending  modes  have  been  identified  and 
measured.  Using  a  very  crude  model  in  which  the  cermet 
component  of  the  rainbow  is  assumed  to  have  the  same 
density  x  elasticity  product  as  the  bulk,  surprisingly  good 
agreement  is  obtained  between  observed  and  calculated 
frequency  behavior.  By  appropriate  processing  it  is  possible 
to  delaminate  the  bimorph,  and  work  is  now  in  progress  to 
measure  the  properties  of  the  two  separate  phases  so  that  a 
proper  composite  resonator  model  may  be  developed. 

I.  Introduction 

pjEzoELECTRic  and  cicctrosiriclivc  materials  arc  used  in  a 
X  wide  range  of  applications.  Especially  smart  materials  have 
aroused  increasing  interest.  To  improve  the  performance  of 
piezoelectric  materials  (higher  strain  or  higher  displacement), 
new  structures  such  as  flexlensional  structures  or  “moonie”  are 
developed.  Recently  a  new  type  of  monolithic  ceramic  bender, 
known  as  “rainbow”  (reduced  and  internally  biased  oxide 
wafer),  was  developed  by  Haertling.^  This  material  presents  a 
number  of  advantages  and  in  particular  the  possibility  to  gen¬ 
erate  very  high  displacements.^  The  piezoelectric  material 
response  depends  not  only  on  its  piezoelectric  properties  but 
also  on  elastic  and  dielectric  parameters.  Elastic  bodies  show 
resonances,  and  the  resonance  method  is  convenient  for  evaluat¬ 
ing  such  properties.  In  this  way.  the  purpose  of  this  work  is 
to  study  the  resonant  behavior  of  rainbow  materials.  A  good 
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knowledge  of  the  fiec|iieney  cliaraeleristies  is,  indeed,  essential 
for  many  types  ol  applications. 


II.  Experiiiiciiful  IVoccdurc 


(  /  )  Sample  Preparation 

Rainbow  piezoelectric  PZT  (lead  zirconale  titanate)  inateri- 
aks  were  prepared  using  a  conventional  inixeil  oxitle  process. 
During  the  proce.ssing.  an  additional  impoitant  slop  hir  the 
rainbow  is  the  high-teinperature  chemical  rediiciioii  of  one 
suilace  ol  the  waler.'  'I  he  thickness  of  the  reduced  layer  is  I/"? 
10  1/2  ol  the  sample  thickness.  This  single-sided  reduction 
introduces  a  .stress  m  the  ceramic  and  the  rainbow  becomes  a 
dome-shaped  wafer. 

The  rainbow  actuators  were  supplied  by  Aura  Ceramics,  Inc. 
Ihc  dimensions  of  the  initial  wafer  were  the  following: 

mm  m  diameter  and  0.76  or  0.38  mm  in  thickness  A 
motional  diamond  saw  was  used  to  generate  the  rainbow  canti¬ 
lever  used  lor  our  experiments.  One  end  of  the  sample  was  then 
clamped  in  a  plastic  support  using  5  Minute  Epoxy  glue,  and 
the  other  end  was  free. 


t  r  requency  Measurements 

Frequency  measurements  were  performed  using  an  MP4 1 94  A 

"r  l'rot|uency  rtinge 

ol  100  Hz  to  40  MHz.  A  prclimiiuiry  cnlibraiion  was  coiuluclcd 
(open  and  short  circuit).  On  account  of  the  initial  bent  shape  of 
the  rainbow  and  thus  becau.se  of  the  high  .sensitivity  of  the 
.sample  mea.suremcnt.  two  dillcrent  cells  were  u.sed.  Both  were 
connected  to  a  test  fixture  with  the  four  terminals  attached 
directly  to  the  terminals  of  the  analyzer  (BNC  connectors).  The 
.so-called  “.soft  cell”  (SC)  consisted  of  an  HI’I6047  C  test  lix- 
tuic.  The  .so-called  “hard  cell"  (1 1C)  was  niiide  up  of  a  clip 
mounted  on  an  HIM6047  A  ic.sl  fixture.  For  each  cell,  the 
contact  was  near  the  clamped  end  of  the  rainbow  cantilever. 

1  he  reduced  layer  on  the  concave  sitle  of  the  rainbow  scrveil 
as  one  ol  the  electrodes  but  it  was  al.so  possible  to  electrode  it 


Fig.  1.  Impedance  .spectrum  of  rainbow  cantilever  (f.  =  25.5  mm,  iv  =  5  mm,  /  =  0.76  mm). 
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KiK.  2.  Resonant  frequency  of  lateral  extcnsional  mode  vs  width  (/  = 
0.70  mm);  '' 


to  ensure  a  good  contact.  In  fact,  the  results  of  these  itnpedana 
measurements  were  not  affected  if  only  the  top  side  or  if  botl 
sides  were  elcclroded. 

Tetnperature  measurements  were  performed  using  a  mctttllic 
conirollir'  Imnperatuic 


111.  KesuHs 


(1)  Resonance  Modes 

Four  resonant  inodes  were  observed  in  the  rainbow  cantileve 
with  one  end  clamped.  The  resonances  apircarcd  in  the  fre 
quency  range  100  Hz  to  4  MHz.  As  an  example.  Fig.  I  S.ow 
1C  impedance  spectrum  obtained.  The  lowest  resonant  mode  ii 
the  bending  mode.  The  value  of  the  corresponding  re.sonan 
frequency  depends  on  both  length  and  thickness.  At  high  fre 
quency  (/  >  2  MHz),  the  fundamental  thickness  mode  cat 
be  observed  n  a  conventional  plate  thickness  resonance,  the 
frequency  of  the  lundameiual  is  given  by 


(1) 

where/  is  the  parallel  re.sonance  frequency,  t  the  plate  Ihick- 
nes.s,  p  the  density  (p  =  7.5  X  10’  kg/m'),  and  C',>,  the  elastic 
stillness  at  constant  dielectric  displacement.  For  the  bimorph 
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unieduccd  IZT  cciainic  and  the  lead-based  cemtcl  of  the 
reduced  region.  As  a  hrsi  approxiniaiion,  a.s.suniing  ihal  the 
cermet  behaves  elastically  like  the  l‘ZT,  the  value  obliiined  from 

2.6  MHz).  Such  a  value  is  effectively  the  .same  as  the  value'  lor 
common  piczoclcclric  ceramics. 

The  frcqiiency  of  the  resonant  mode  observed  close  to  3  X 
U  lU  111  Fig.  I  depends  only  on  the  width  of  the  .sample 
and  hus  coire.spond,s  lo  the  lateral  extensional  mode  of  the 
canti  ever.  Again,  assuming  the  cermet  behaves  like  I’ZT  we 
could  expect  Ihe  Irequency  lo  be  given  by 


/,  =  0.5(1 

V  l» 


(2) 


where  le  is  the  width  of  the  sample,  |)  llie  density,  and  C'.,,  die 
cllcclive  elaslic  conslani  measured  ai  conslani  lield.'  The 
conditions  are  5',  =  0,  '/’.  =  ().  and  C'i  = 

Figures  2  and  .3  represent  Ihe  ineasuied  fieqiieiiey  versus 
width  for  0.76  and  0.38  mm  thick  rainbows.  The  plots  clearly 

Ifoa  v*", "''’I"-’  '•  ol  'V,)  = 

4.74  X  10  m  /N  is  obtained  a.ssumiiig  that  Ihe  value  of  the 
Poisson  ratio,  a,  ,s  dial  of  PZT,  i.e..  .r  =  0..36.  Such  a  .V.,  value 
IS  in  the  range  expected  for  .softer  PZT  composiiions 
For  the  resonance  ob.served  near9  X  10'  Hz  (Fig.  I )  the  most 
probable  ongm  is  a  width  bending  mode  as  L  frer|uency 

rMitr'’  f"?*  1  'liit-kitcss.  but  not  with  leiigih  of  Ihe 

rainbow,  lable  I  lists  the  measured  re.sonance  liet|uencie.s  as  a 
I  unction  of  thc.se  two  conirolling  dimensions. 

(2)  Bendm}>  Mode 

In  this  study  we  have  focu.sed  our  attention  on  the  lowest 
Irequency  rc.sonam  mode,  namely  the  bending  nuKle.  Figure  4 
shows  the  ineasurcd  bending  resonant  frequency  versus  the 
ratio  UL  of  the  cantilever.  By  changing  the  length,  the  frequen¬ 
cies  of  the  other  rcsonanl  modes  remain  constant.  Again,  using 
the  assumption  ol  a  homogeneous  ceramic,  the  re.sonant  fre¬ 
quency  ol  a  cantilever  (one  end  clani|)ed  and  the  other  free)  can 
be  cxpres.sed  as 
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Fig.  4.  Resonant  frequency  of  bending  mode 
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Fig.  5.  Q  vs  width. 
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Hg.  7.  Temperature  dependence  of  resonant  Irequency  ol  the  bend¬ 
ing  mode  (L  =  32.27  mm.  \v  =5  mm,  t  =  0.38  mm). 
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where  L  is  the  length  of  the  sample  and  ni  the  eigenvalue  of  the 
resonant  mode.  The  fundamental  resonant  frequency  corre- 
spoiids  to  a  value  of  m  —  1  and 


/  =  0.16(//L^) 


(3) 


From  experimental  values,  the  obtained  clastic  compliance  is 
about  15  X  10"'^  mVN  (Fig.  4).  There  is  not  a  signihcanl 
difference  using  one  or  the  other  of  the  cells.  Moreover,  it  is 
interesting  to  notice  that  even  if  the  reduced  layer  is  not  elec- 
troded,  the  measured  resonant  frequency  remains  the  same. 

The  sharpness  of  the  impedance* frequency  peak  in  the  neigh¬ 
borhood  of  the  resonance  is  controlled  by  losses  in  material. 
Near  the  resonance  the  dominant  factor  is  probably  related  to 
mechanical  losses.  The  mechanical  quality  factor,  Q,  is  thus 
an  important  parameter  to  determine  the  impedance-frequency 
characteristics  of  resonating  systems.  It  also  gives  an  idea  of  the 
usable  bandwidth.  Q  is  obtained  from  a  determination  of  the 
minimum  impedance  \ZJ  at  resonance.  Q  is  given  by  the 
relation 


temperature  were  performed.  The  temperature  range  was  from 
room  temperature  to  340  K.  As  an  example,  the  temperature 
d^cpendcncc  ol  the  Irequency  ol  the  bending  mode  is  shown  in 
Fig.  7.  For  all  the  samples,  a  decrease  of  frequency  is  observed 
when  the  temperature  increases.  I'hc  corresponding  variation  of 
the  resonant  frequency  can  be  well  (itted  using  a  law-type  such 
as  In  /  =  A  +  ^(1// )  (A  and  B  are  constants).  Using  Fq.  (3)  it  is 
also  po.ssible  to  determine  the  temperature  dependence  of  the 
elastic  compliance.  In  each  case,  .V',,  increases  linearly  with 
increasing  temperature.  Hie  curve  lit  is  a  straight  line  (Fig.  8). 

It  is  perhaps  surprising  that  the  assumption  of  a  homoge¬ 
neous  ceramic  in  describing  the  elastic  and  tiensily  properties 
works  very  well  and  is  probably  adequate  for  many  engineering 
purposes.  Given  the  fact  liiat  oxygen  is  lost  from  the  ceramic 
during  the  reduction  process  and  that  the  resulting  cermet  puls 
the  ceramic  under  compression,  one  would  expect  a  higher 
density  in  this  component.  Possibly  this  change  is  partially 
compensated  by  a  reduction  in  stiffness  due  to  the  metallic 
phase.  We  note  that  in  some  ca.ses  it  is  possible  to  cause  a 
delam illation  between  the  ceramic  and  the  cermet  phases,  so 
that  with  the  possibility  of  explaining  the  ela.stic  and  density 
behavior  of  the  two  separate  phases,  it  will  be  possible  to  model 
more  exactly  the  precise  behavior  of  this  composite  resonator. 


1/[47t(C,  +  C,)(4-/JIZ,J]  (4) 

where  +  Cp  is  the  capacitance  measured  at  hiw  frequency, 
and/p  and/,  are  the  frequencies  corresponding  to  the  maximum 
values  ol  the  resistance  R  and  the  conductance  G,  respectively. 
For  the  rainbow  cantilever,  the  calculated  Q  value  is  close  to 
100.  There  is  not  a  precise  evolution  of  Q  as  a  function  of  width 
and  length  (Figs.  5  and  6).  Considering  the  restricted  sensitivity 
of  the  measurement,  it  is  rea.sonable  to  conclude  in  favor  of  an 
average  value. 

In  order  to  complete  the  characterization  of  the  bending 
mode  in  the  rainbow  cantilever,  measurements  as  a  function  of 
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Q  vs  length. 

IV.  Suiiinuirv 

The  frequency  behavior  of  rainbow  cantilevers  has  been  stud¬ 
ied  in  a  large  frequency  range  (100  11/  to  4  Mil/).  Different 
modes  ol  resonance  have  been  observed.  The  stronger  corre¬ 
sponds  to  the  thickness  mode  and  appears  at  high  frequency 
(./  >  2  Mil/).  At  low  Irequency,  the  bending  mode  can  be 
characterized  by  an  impedance-rrequency  peak  with  a  value  of 


T  (K) 

Fig. «.  Tcnipcruturc  dependence  of  {L  =  32.27  inin,  u*  =  5  inni, 
/  =  0.38  nun). 


(2  close  lo  100.  The  coiTe.spoiiding  rcsonam  IVet|uency  increases 
when  ihe  Icngili  ol  (lie  caniilcver  decreases  and  is  also  depen- 
dcnl  on  icnipcralure.  The  bcliavior  has  been  modeled  on  the 
simple  assumption  that  the  rainbow  cermet  has  ela.stic  and 
density  properties  similar  to  lho.se  of  the  bulk  ceramic  and 
llierc  IS  surprisingly  good  agreement  between  measured  and 
predicted  properties.  The  teniperalure  dependence  ol'  the 
resonance  suggests  that  the  has  a  linear  variation  with 
Icnipcralurc. 

Using  separated  cermet  and  ceramic  elements,  measurements 
arc  now  m  progess  to  characterize  exactly  the  separate  phases 


,  1  u  liji  L  i’lutiin 


\tii.  7tS.  No.  N 


so  Hull  a  more  precise  eomposile  resoiuilor  model  can  lie 
developed. 
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ABSTRACT:  Using  the  dielectrophoretic  efiect,  it  is  possible  to  fabricate  polymer/ceramic  com¬ 
posite  materials  in  which  the  filler  phase  can  be  manipulated  to  form  a  desired  microstrucnire  This 
IS  performed  via  the  application  of  an  electric  field  to  a  colloidal  suspension  consisting  of  a  fiUer 
material  dispersed  in  a  fluid  polymer  medium.  Field  induced  dipole-dipole  interactions  cause 
particles  to  experience  a  mut^  interaction  resulting  in  distinct  particle  chains  which  align  parallel 
to  the  applied  electric  field  direction.  This  chained  microstructure  can  then  be  “frozen  in”  by  cross- 
linking  the  polymer  iMtrix.  The  chaining  phenomena  is  dependent  on  both  the  magnitude  and  the 
frequency  of  the  qiplied  field.  Optimum  assembly  conditions  for  this  process  arc  via 

optical  microscopy  and  electrorhcological  measurements.  The  dielectrophoretic  assembly  process 
also  has  the  advantage  of  in-situ  quality  control  through  dielectric  measurements.  Both  the  degree 
of  alignment  and  the  batch  uniformity  can  be  confirmed  via  dielectric  measurements.  By  varying  the 
applied  field  and  frequency,  chain  coar^ness  can  be  manipulated  giving  rise  to  the  ability  to  “tune” 
the  properties  of  the  composite.  The  dielectrophoretic  assembly  process  is  projected  to  be  utilized 
for  electrical,  structural  and  thermal  composite  applications. 


INTRODUCTION 

Many  of  tody’s  adaptive  materials  are  based  on  com¬ 
posite  systems  (Newnham,  1989,  1986a,  1986b).  A 
composite  is  a  multiphase  material  which  exhibits  proper¬ 
ties  unattainable  in  ary  of  the  isolated  constituent  phases. 
The  properties  of  composite  materials  are  controlled 
through  materials  selection,  volume  fraction  of  filler,  perco¬ 
lation  behavior  and  connectivity.  For  the  typical  case  of  a 
polymer  matrix-ceramic  filler  composite,  we  introduce  a 
novel  assembly  technique  which  allows  manipulation  of  the 
ceramic  filler  phase  during  the  manufacturing  process.  This 
assembly  involves  the  induction  of  dipole-dipole  interac¬ 
tions  between  the  second  phase  filler  particulates  under  both 
alternating  and  direct  current  electric  fields,  a  phenomena 
known  as  dielectrophoresis  (Pohl,  1978).  The  result  is  a 
unidirectional  alignment  of  the  filler  material  in  the  polymer 
matrix. 

The  dielectrophoretic  assembly  is  suited  to  a  variety  of 
thermoset  polymers  and  filler  materials.  Optimum  assembly 
conditions  have  been  determined  via  electroheological  be¬ 
havior  and  in-situ  microscopy  (Bowen,  et  al.,  1994).  Dielec¬ 
tric  property  and  impedance  changes  (suitable  for  quality 
control  monitoring  of  the  composite  assembly  process)  are 
also  projected  to  be  a  useful  means  to  determine  the  opti¬ 
mum  assembly  conditions.  The  potential  of  this  processing 
methodology  is  not  yet  fully  realized.  Target  applications 
include  electronic,  structural  and  thermally  conductive 
composite  materials.  This  paper  will  discuss  the  back¬ 
ground,  theory,  and  important  parameters  of  the  dielec- 
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trophoretic  processing  technique  with  emphasis  on  electri¬ 
cal  composites. 


BACKGROUND 

Before  beginning  the  discussion  of  dielectrophoretic  pro¬ 
cessing »  it  is  useful  to  clarify  some  basic  definitions  and 
terms  that  will  be  used  in  the  characterization  this  class  of 
composite. 

Connectivity 

In  composite  materials,  there  exists  a  classification  system 
to  describe  the  architecture  of  the  component  phases.  This 
classification  system  is  designated  as  the  connectivity  of  the 
composite  material.  Connectivity  describes  the  number  of 
dimensions  a  phase  in  a  composite  material  is  continuous 
in.  Newnham  (1986b)  developed  a  self-consistent  nomen¬ 
clature  to  describe  the  connectivity  of  composite  materials. 
He  showed  that  for  a  given  number  of  components  (n),  there 
is  a  finite  set  of  connectivity  patterns  given  by  the  expres¬ 
sion: 


(n_±3)r 

3\n\ 


(1) 


For  example,  with  a  diphasic  composite  material  (a 
matrix  phase  and  a  single  filler  phase),  n  =  2,  resulting  in 
a  possible  10  connectivity  patterns  (Newnham,  Skinner  and 
Cross,  1978).  The  convention  is  to  make  the  first  term  of  the 
connectivity  pattern  description  equal  to  the  number  of 
dimensions  in  which  the  filler  is  continuous  while  the 
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second  term  refers  to  the  number  of  dimensions  in  which  the 
matrix  is  continuous.  For  a  0-3  connectivity,  the  filler  phase 
IS  completely  discontinuous  whUe  the  matrix  phase  is  con- 
hnuous  in  all  three  directions  (e.g.,  a  well  dispersed  powder 
in  a  polymer  matrix).  This  differs  from  a  1-3  connectivity 
where  die  filler  is  continuous  in  one  dimension  and  the 
matrix  is  continuous  in  all  three  dimensions  (e.g  parallel 
n^s  in  a  polymer  matrix).  By  carefully  choosing  a  process 
which  results  m  a  desired  connectivity,  the  directional 
^sotropy  and  magnitude  of  properties  in  a  composite  can 
be  precisely  engineered. 

Percolation  Theory 

Percolation  theory  is  the  means  used  to  explain  how  the 
properties  of  a  composite  material  are  altered  by  changing 
the  volume  fraction  of  the  filler  phase  (Zallen,  1983).  For 
simplicity  in  describing  percolation  theory,  a  metal  powder 
will  be  considered  and  the  composite  property  of  conductiv¬ 
ity  will  be  examined.  Intuitively,  at  low  volume  fractions  of 
filler,  the  conductivity  of  the  composite  material  will  be  low 
approximately  equal  to  that  of  the  polymer  matrix.  A  sche¬ 
matic  of  a  low  volume  fraction  composite  material  is  given 
m  Figure  1(a).  As  more  and  more  metal  particles  are  added 
th^  begm  to  crowd  together  and  come  in  contact  with  each 
other  until,  at  high  volume  fractions,  conducting  pathways 
exist  through  the  polymer  matrix.  The  conducting  micro- 
^cture  IS  shown  schematically  in  Figure  1(b).  This  results 
m  a  composite  conductivity  that  is  governed  by  the  conduc¬ 
tivity  of  the  metal  filler. 

The  change  in  conductivity  as  a  function  of  increasing 
TOlume  fraction  metaUic  filler  is  schematically  plotted  in 
Figure  1(c).  The  volume  ftaction  of  filler  at  the  inflection 
p^t  in  the  curve  is  defined  as  the  percolation  limit  or 
tntical  volume  fraction  of  filler.  This  inflection  point 
exists  at  a  volume  fraction  of  filler  where  the  particulates  are 


crowed  together  enough  such  that  they  just  begin  to  touch 
each  other  and  form  conducting  pathways  through  the  com¬ 
posite.  The  “critical”  volume  fraction  of  filler  i?  not  a  fixed 
qu^uty  and  will  vary  with  the  fiUer  particle  size,  size  dis- 
tnbution  and  morphology.  A  more  detailed  discussion  of 
percolation  theory  as  it  applies  to  conductive  composites 
can  be  found  in  McLachlan  et  al.,  (1990)  and  Janzen  (1975) 

^  the  volume 

fraction  of  the  filler  material  in  the  composite,  properties 

can  be  altered  and  effectively  tuned  to  meet  certain  design 
pai^etere.  This  tuning  effect  is  utilized  in  applications 
such  as  piezoresistors  and  both  positive  and  negative  tem¬ 
perature  coefficient  resistors  (Newnham,  1989). 


PROCESSING  TECHNIQUES  UTILIZED  FOR 
COMPOSITE  MATERIALS 


Because  the  electronics  industry  is  driven  to  obtain  in- 
creasingly  higher  volumetric  efficiencies  from  devices, 
sm^er  filler  materials  must  be  manufectured.  Fabrication 
of  funcuonal  composites  on  a  micron-submicron  scale 
n^es  processmg  very  difficult  and  is  the  driving  force  in 
^  search  for  more  sophisticated  processing  techniques. 
This  section  is  intended  to  give  a  brief  look  at  relevant  pro¬ 
cesses  currenUy  utilized  in  the  fabrication  of  electronic 
composite  materials. 


Low  Connectivity  Processing  Techniques 
(0-3  Connectivity) 

One  of  the  most  common  architectures  in  electronic  com¬ 
posite  materials  is  the  0-3  connectivity.  This  type  of  com- 
iwsite  is  generally  used  for  piezoelectric  transducer  applica¬ 
tions  (electrical  to  mechanical  energy  conversion  and  vice 
versa)  such  as  those  used  in  pressure  sensors.  The  0-3  com¬ 
posite  is  attractive  not  only  for  its  property  enhancement  ad- 
^tages  (higher  effective  d„  piezoelectric  coefficient  and 
better  acoustical  impedance  matching)  but  for  its  ease  in 
processing  as  well. 

Composites  of  the  0-3  type  are  usually  febricated  through 
a  high-shear  mixing  process  that  disperses  a  ceramic  or 
metal  powder  uniformly  into  an  uncured  thermoset  or 
hea^  thermoplastic  polymer  matrix.  Typical  means  of 
high  shear  mixing  range  from  an  automated,  large  scale 
mixer  (such  as  a  3-roll  mill)  to  laboratory  scale  mortar  and 
pestle  mixing.  UsuaUy,  0-3  composite  materials  are  pro¬ 
cessed  as  sheets  which  are  easily  mass  produced  (Baker 
Moore  and  Petroff.  1991).  However,  these  sheets  can  contaiil 
large  density  gradients  and  heterogeneities  due  to  segrega¬ 
tion  effects  of  incomplete  mixing. 

Electric  field  Processing 

Electric  fields  have  been  used  in  the  processing  of  com- 
posite  materials  mainly  for  producing  specific  orientations 
Of  hlier  materials  within  a  polymer  matrix.  Electric  fields 
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Figure  2.  (a)  Schematic  showing  charge  double  layer  In  the 
absence  of  an  applied  electric  field;  (b)  on  the  application  of  an  elec¬ 
tric  field,  the  charge  will  separate  and  migrate  towards  the  electrode 
of  opposite  charge,  effectivety  forming  a  macroscopic  dipole;  (c)  as 
the  charge  is  pulled  by  the  electrodes,  it  acts  to  rotate  the  fiber  into 
M  orientation  where  the  charges  can  be  closest  to  the  electrodes 
/.  e.,  aligned  parallel  to  the  applied  field  direction 


can  be  used  to  orient  polar  crystals  and  fibers  (via  induced 
dipolar  interactions),  to  deposit  thin  coatings  (via  elec¬ 
trophoretic  effects)  and  to  induce  particulate  chaining  within 
a  matrix  polymer  (via  the  diclectrophoretic  effect)  (Tada  et 
al.,  1993;  Sarkar  et  al.,  1992;  Bowen  et  al.,  1994). 

Orientation  of  fibers  and  polar  crystals  into  a  quasi  1-3 
connectivity  can  be  accomplished  through  dipolar  interac¬ 
tions  with  an  applied  electric  field.  When  an  electric  field  is 
applied  to  a  fiber,  charge  on  the  filler  surface  will  migrate  to 
the  region  nearest  the  opposite  charged  electrode.  The  fiber 
will  rotate  and  align  its  long  axis  parallel  to  the  applied  field 
direction  as  a  result  of  the  redistribution  of  charge.  This 
phenomena  is  shown  schematically  in  Figure  2. 

The  electrophoretic  effect  involves  the  migration  of 
charged  particles  in  an  electric  field.  If  a  particle  obtains  a 
positive  charge  in  a  suspension  and  an  electric  field  is  ap¬ 
plied,  the  particle  will  migrate  toward  the  negatively 
charged  electrode.  In  a  colloidal  system,  a  thin  coating  of 
particles  can  be  deposited  on  the  sur&ce  of  an  electrode  uti¬ 
lizing  the  electrophoretic  concept.  By  depositing  alternating 
l^ers  of  particles  (alumina  and  zinc  oxide,  for  example), 
laminate  composite  structures  (2-2  connectivity)  can  be 
produced  (Sarkar,  Haung  and  Nicholson,  1992).  The  varia¬ 
bles  affecting  electrophoretic  depxisition  include  the  magni¬ 
tude  of  the  applied  electric  field,  the  sur^e  charge  on  the 
particles  (vanable  by  altering  pH  when  using  aqueous 
systems),  viscosity  of  the  suspension  medium  and  the  dura¬ 
tion  of  the  applied  field  (longer  times  will  fecilitate  the  dep¬ 
osition  of  a  greater  number  of  particles  and  hence,  thicker 
films). 

The  diclectrophoretic  effect  can  be  used  to  induce  an  at¬ 
tractive  potential  between  particles  in  a  suspension  resulting 


in  a  quasi  1-3  connectivity.  This  effect  is  currently  being 
researched  as  an  assembly  technique  for  composite 
materials  and  will  be  exclusively  addressed  in  the  remainder 
of  this  paper. 


THE  DIELECTROPHOREnC  EFFECT  AS  A 
COMPOSITE  ASSEMBLY  TECHNIQUE 

While  dielectrophoresis  has  been  recognized  since  1949, 
it  was  generally  utilized  as  a  separation  technique  by 
mineralogists  and  biologists  (Pdhl,  1978;  Winslow,  1949). 
Only  recently  has  the  dielectrophoretic  effect  been  recog¬ 
nized  as  a  useful  means  of  assembling  composite  materials 
(Randall  et  al. ,  1993).  Through  the  mutual  dielectrophoretic 
effect,  quasi  1-3  composites  can  be  fabricated  such  that  the 
separation  phenomena  is  suppressed,  yielding  a  composite 
material  with  minimized  structural  disorder. 

Dielectrophoretic  Effect*— Background  Information 

When  a  single  particle  suspended  in  a  fluid  medium  is 
exposed  to  an  electric  field,  two  phenomena  can  possibly 
occur;  (1)  electrophoresis  and  (2)  dielectrophoresis.  Elec- 
trophoresis  was  defined  earlier  as  the  translational  motion  of 
charged  matter  within  any  electric  field  (uniform  or  non- 
uniform).  Dielectrophoresis  will  be  defined  as  translational 
motion  of  neutral  matter  caused  ly  the  induction  of  a 
polarization  in  a  non-uniform  electric  field  (Pbhl,  1978). 
Both  of  these  effects  are  shown  in  Figure  3.  The  major  dif¬ 
ferences  between  the  electrophoretic  and  dielectrophoretic 
effects  are  given  as; 

1 .  The  dielectrophoretic  effect  is  not  dependent  on  the  sign 
of  the  applied  electric  field  whereas  the  electrophoretic 
effect  is  dependent  on  both  the  field  direction  and  the 
sign  of  the  particle  charge. 

2.  The  dielectrophoretic  effect  is  proportional  to  the  parti¬ 
cle  volume  and,  as  such,  is  more  pronounced  as  particle 
size  increases.  However,  the  electrophoretic  effect  is 
relatively  independent  of  particle  size. 

3.  Dielectrophoresis  usually  requires  very  divergent  non- 
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Figun  S.  Schematic  showing  the  phenomena  of  dielectrophoresis 
for  a  single  particle  in  suspension.  Figure  (a)  shows  that  a  neutral 
body  will  be  simpiy  polarized  in  a  uniform  electric  field  and  no  trans¬ 
lation  will  occur.  Figure  (b)  shows  that,  for  the  nonuniform  case,  the 
neutral  particle  will  migrate  to  the  region  of  higher  field  contentra- 
tion.  (After  Pohl). 
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unifonn  electric  fields  for  pronounced  effects  while  elec- 
tropboreus  is  observed  in  both  unifonn  and  non- 
tmifonn  electric  fields. 

A  special  case  arises  when  more  than  one  particle  is  con¬ 
sidered  in  the  suspension.  Consider  two  particles  having  a 
higher  dielectric  constant  than  the  suspension  medium  (i.e. , 
a  higher  polarizability)  and  in  close  proximity  to  each  other. 
When  a  uniform  electric  field  is  applied  to  the  suspension, 
it  is  perturbed  in  a  manner  consistent  with  that  shown  in 
Figure  4(a).  Hence,  a  non-uniform  electric  field  is  gener¬ 
ated  in  the  gap  between  the  two  particles.  Since  the  particles 
are  already  polarized  ly  the  field  [Figure  4(b)],  the  non- 
uniform  perturbation  acts  to  pull  the  particles  together.  A 
semi-quantitative  model  for  the  mutual  agglomeration  is  ex¬ 
plained  in  the  next  section. 

When  many  particles  are  present  in  the  suspension,  the 
mutual  dielectrophoretic  effect  acts  to  cause  particles  to 
attract  each  other  and  agglomerate  unidirectionally  to  form 
chains  parallel  to  the  applied  field  direction.  This  is  shown 
schematically  in  Figure  5.  With  this  chained  microstnicture, 
the  composite  achieves  percoiadon  at  a  much  lower  volume 
fiacdon  filler  than  the  simple  dispersion  case.  However,  the 
percoiadon  of  properties  is  anisotropic,  with  property 
enhancements  occuring  along  the  chained  direcdon. 

Interaction  Fbtential  Theory  of  Colloidal  Suspensions 

If  a  two  panicle  suspension  is  considered,  the  interacdon 
potential  can  be  explained  by  the  DLVO  colloidal  stability 
expression  given  as: 


y(r)  =  2ir€.€,af*  In  [1  H-  exp  (-xr)]  -  ^  (2) 

where  F(r)  =  total  interacdon  potendal,  £„  =  permittivity 


Figun  4.  (a)  Effxt  on  field  when  two  particles  in  a  medium  are 
dose  and  their  dielectric  constant,  Kj,  exceeds  diet  of  the  medium, 
K) ;  (b)  excess  polarization  produced  in  two  particles  subject  to  an 
external  electric  field  when  K?  >  K,;  (c)  effective  dipoles,  showing 
their  attractive  nature.  (After  Pohl). 
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Figure  5.  Schematic  showing  the  unidirectional  agglomeration 
phenomena.  At  zero  applied  field,  the  particles  stay  in  a  dispersed 
state.  Upon  the  application  of  an  external  electric  field,  dipoledipole 
interaction  causes  particle  chains  paraJlel  to  the  applied  field  direc¬ 
tion. 


of  free  space,  €/  =  dielectric  constant  of  the  mediiun, 
=  spherical  particle  radius,  f  =  Zeta  potential, 
X  =  Debye  reciprocal  length,  r  =  inierparticle  distance, 
andA  =  Hamaker  constant  (Reed,  1988). 

The  first  term  in  Equation  (2)  represents  a  repulsive 
potential  due  to  the  Stem  and  Gouy-Chapman  charge  layers 
surrounding  a  particle  in  suspension  (Figure  2  sche¬ 
matically  shows  charge  layers  around  a  fiber  morphology). 
The  second  term  is  an  attractive  potential  based  on  van  der 
Waals  forces  of  attraction.  When  typical  values  for  particles 
suspended  in  an  uncured  polymeric  matrix  are  chosen  and 
input  into  Equation  (2),  a  plot  (Figure  6)  showing  the  in¬ 
teraction  potential  curves  can  be  generated.  Numerical 
values  used  in  the  calculations  for  Figure  6  can  be  found  in 
Table  1.  These  values  are  based  on  physical  measurements 
and  approximated  variables  owing  to  the  incomplete 
database  for  non-aqueous  media.  These  values  are  suitable, 
however,  to  qualitatively  describe  the  effects  of  electric  field 
strength  on  the  colloidal  stability  of  ceramic  particulates 
suspended  in  an  uncrosslinked  polymer.  Figure  6  shows  that 
there  is  a  critical  separation  distance  at  which  the  two 


Distance  (jjm) 

Figure  6.  Calculated  interaction  potential  versus  separation  dis¬ 
tance  according  to  the  classical  colloidal  stability  equation  for  StTiOs 
in  an  uncured  polymer. 


Tunable  Elearic  Beld  Processing  of  Composite  Materials 


Table  1.  Values  used  In  the  calculation  of  Figure  6. 

*'  ""  ^  (typical  of  polyurethane  at  room  temperature) 
f,  =  300  (typical  of  bulk  SrTiOa)  ' 

a  =  1  (typical  particle  size  for  powders) 
f  =  50  mV  (approximated) 

»  =  400,000  1/m  (approximated) 

A  =  IE-19  J  (typical  Hamaker  constarjt) 

particles  must  overcome  an  eneigy  barrier  in  order  for 
agglomeration  to  occur. 

,ir!!!“  effects  of  an  electric  field  applied  to  the  suspen- 
on  are  considered,  a  third  term  is  introduced.  This  term  is 

equation^dTin 

eluded  m  the  mteracuon  potential  equation  to  yield: 
y(r)  =  In  [1  +  exp  (~xr)] 

(3) 

.  v(l  —  3  cos^ 

12r  ^  P 


Zero  kV/cm 


1  kV/cm 


lOkV/cm 


2  4  6  8  10 


Distance  (pm) 

strengths  (typical  of  those  actually  used)  and  e  (taken  to  be 


-e  ~ 

h  +  2«, 


where  6  =  orientation  angle  of  particles,  r  =  interparticle 

“  ■=  panicle^^ 
£,-Aeectnc  constant  of  the  suspending  fluid 
(,  dielectnc  constant  of  the  particles  and  £,  *  £• 

r’-  T  ^  i, 

em  on  the  square  of  the  applied  electric  field  and  on  the 
^ference  between  the  dielectric  constants  of  the  particle 
and  the  suspen^g  medium.  Hence,  if  the  applied  field  is 
mcre^  or  if  higher  permittivity  filler  material  is  utilized 

increase.’ 

The  modified  mteraction  potential  Equation  (3)  can  be 
wived  Md  plotted  for  differing  field  conditions  as  fou“d  fo 
Figure  7.  As  the  applied  field  is  increased,  the  barrier  to 
aglomeration  is  reduced  and  particles  at  larger  separation 
distances  w^  experience  an  attractive  potential.  Figure  7 

S  *rtir  interparticle  spacing^es 

with  the  magmrnde  of  the  electric  field.  Utilizfog  this 

hfnr^^L  adaptive  composite  materials^ 

^^uced  with  properties  that  will  depend  on  the  appUed 
processmg  condiuons. 

The  orientation  angle  dependence  of  Equation  (3)  shows 
2;  panicte  to.  dSc.  chata  ST 

Mgle  (0)  ,s  defined  as  the  angle  formed  between  a  vector 

Line '  ^  ®  Wlied  field  and  a  vector  connecting  the 

centos  of  two  particles  in  suspension  (see  Figure  8).^The 
contribution  to  the  attractive  interaction  potential  is  maxi- 
m^when  e  =  O'.  At  a  critical  angle  of  approximately 
55  .  the  dipole-dipole  potential  switches  from  an  attractive 


to  a  repulsive  potential.  Hence,  particles  existing  at  an  ori¬ 
entation  greater  than  55“  (those  particles  existing  approx- 
unately  perpendicular  to  the  applied  field)  will  experience  a 
repulsive  potential.  The  result  is  the  formation  of  distinct 
chains  parallel  to  the  applied  field  direction.  Figure  9  shows 
e  interaction  potential  at  varying  orientation  angles  and  it 
can  be  seen  that  an  essentially  infinite  barrier  to  agglomera¬ 
tion  exists  at  angles  greater  than  55'  to  keep  particles 
separated  in  the  direction  perpendicular  to  the  applied  field. 

Applied  E-rield 


Two  panicles 
at  zero  degrees  ■ 

to  applied  field.  t 

Resulisanractivei  ft 
potantlal  energy. 


Two  panicles  at  >55*  to 
applied  Held  direcllon. 
Resul  is  repulsive 
potential  energy. 


orientational  relationship  of  the  interac- 
app/»cf  efecfric/ie/d.  Atang^s  g^Z  Zn 
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Distance  (//m) 

Figun  9.  Calculated  interaction  potential  versus  separation  dis¬ 
tance  according  to  the  modified  classical  colloidal  stability  equation 
for  SrTi03  in  an  uncured  polymer  at  varying  onentations.  There  is  an 
enormous  (IE  +  I4ev)barnertoagglomerationforthe60'*  andQO'^ 
orientation  angles.  This  can  essentially  be  considered  an  infinite 
barrier  to  agglomeration  resulting  in  a  minimum  equilibrium  separa¬ 
tion  of  particles  perpendicular  to  the  applied  field.  The  applied  elec¬ 
tric  field  is  taken  to  be  5000  v/cm  in  this  calculation. 


MATERIALS  ISSUES  FOR  DIELECTROPHORETIC 
ASSEMBLY  OF  COMPOSITE  MATERIALS 

When  choosing  materials  to  febricate  composites,  one 
must  consider  components  that  best  suit  the  composite  ap¬ 
plication.  Careful  considerations  must  be  taken  to  control 
properties  such  as  electrical  and  thermal  conductivity,  ther¬ 
mal  stability,  mechanical  strength,  mechanical  stiffness  and 
piezoelectric  coefficient.  Through  the  combination  of  the 
chosen  filler  and  matrix  materials,  one  can  achieve  compos¬ 
ite  properties  which  are  unattainable  in  the  isolated  constitu¬ 
ent  phases. 

Matrix  Materials 

There  are  several  general  requirements  necessary  for  the 
matrix  materials  in  the  dielectrophoretic  assembly  of  com¬ 
posites.  The  first  requirement  is  that  the  matrix  must  be  an 
insulating  material  of  low  dielectric  constant  that  can  easily 
transform  from  a  liquid-like  to  a  solid  state  (crosslinked  or 
vitrified).  The  liquid-like  state  is  necessary  to  suspend  and 
align  particles  while  the  solid  state  is  necessary  to  “freeze 
in”  the  oriented  structure  to  produce  a  useful  device.  The 
matrix  must  be  insulating  in  order  to  allow  the  generation  of 
a  polarization  field  (driving  force  for  the  chaining 
phenomena)  and  the  dielectric  constant  is  desired  to  be  low 
so  the  effective  polarizability,  0  in  Equation  (3),  is  maxi¬ 
mized  for  a  given  particulate  filler  material.  The  second  re¬ 
quirement  is  that  the  polymer  matrix  should  have  a  high 
breakdown  strength  in  the  uncured  state.  The  required 
breakdown  suength  of  the  polymer  is  dependent  on  the 
application  envisioned.  If  it  is  desired  to  apply  a  1  kV/mm 
field  to  process  the  composite,  then  the  polymer  should  have 


a  breakdown  strength  of  at  least  1  kV/mm.  If  breakdown  is 
occurring  during  the  curing  phase,  local  electric  discharges 
will  result  in  local  thermal  decomposition  of  the  matrix. 
The  result  is  a  polymer  which  is  damaged  such  that  the 
crosslinking  process  is  inhibited,  thus  ruining  it  as  an  accep¬ 
table  matrix  material.  Thirdly,  the  viscosity  of  the  uncured 
polymer  matrix  must  be  such  that  it  is  low  enough  to  allow 
dielectrophoretic  migration  of  particles  into  the  chained 
microstructure  but  high  enough  to  prohibit  settling  of  the 
particles  due  to  gravitational  forces.  Finally,  the  matrix 
should  cure  rapidly  and  easily  (low  temperatures)  to  allow 
for  a  rapid  production  rate  and  lower  production  costs. 

The  matrix  materials  utilized  thus  far  are  shown  in  Table 
2.  All  of  these  polymers  have  supported  dielectrophoretic 
assembly.  A  special  note  about  the  Norland  optical  adhesive 
(a  UV  curing  polymer)  is  that  it  is  limited  to  low  volume 
fractions  of  fiUer  material  (»0.05)  and  small  thicknesses 
due  to  scattering  conditions  accompanying  these  two  varia¬ 
bles.  If  the  volume  fraction  filler  is  too  high  for  the  desired 
thickness,  the  UV  light  necessary  to  cure  the  polymer  will 
be  scattered  away  at  the  surfaces  and  will  not  be  able  to 
penetrate  and  crosslink  the  center  of  the  composite  sample. 
Hence,  the  UV  transmission  of  the  composite  must  be 
accounted  for  when  utilizing  UV  curing  polymer  matrices. 

Filler  Materials 

TheoreticaUy,  any  material  with  a  dielectric  constant 
higher  than  that  of  the  matrix  can  be  aligned  and  chained 
through  the  dielectrophoretic  effect.  Table  3  shows  a  list  of 
insulators,  semiconductors  and  metals  which  have  been  suc¬ 
cessfully  aligned  in  a  thermoset  polymer  matrix.  Randall  et 
al.,  (1992)  showed  that  insulating  particles  are  easily 
aligned,  provided  that  their  dielectric  constant  is  greater 
than  that  of  the  matrix  phase  used  [i.e.,  >  1  in  Equation 

(3)].  Fibrous  filler  morphologies  are  also  capable  of  being 
aligned  utilizing  the  dielectrophoretic  assembly  technique. 
Figure  10  shows  PZT  fibers  aligned  at  approximately  0.1 
and  0.005  volume  fractions. 

When  conducting  fillers  are  used,  limitations  associated 
with  composite  fabrication  arise.  The  first  limitation  in¬ 
volves  the  elimination  of  the  potential  drop  across  the  sam¬ 
ple  once  the  particles  successffilly  chain.  When  the  particles 
chain,  the  composite  becomes  conducting  and  the  potential 
voltage  drop  (polarizing  field)"  across  the  sample  is  de- 


Table  2.  Polymers  and  suppliers. 


Polyurethane 

Hysol-Dexter  US0048 

Silicone  elastonner 

Sylgard-184,  Dow  Corning 
Eccogel,  Emerson-Cummings 

Eccogel  epoxy 

Eccogel,  Emerson-Cummings 

1365 

Epon  epoxy 

Epon  665  Shell 

Norland  Optical  Adhesive 

Norland-81 

Tunable  Beane  Field  Pmcessing  of  Composite  Materials 


Tab/e  3  Flllw  materials  which  have  been  successfully 
assembled  In  uncured  thermoset  fMHvmers. 

Insulatori 

Semiconductors 

Metals 

BaTlO, 

PbTiO, 

Pb(Zr.TI)0, 

SrTJO. 

BsyTiSitOa 

2fO, 

no, 

SiOrballs 

YBaiCujO«.t4.g 

Graphite 

SiC  Fibers 

ZnO 

v,o, 

Aluminum  powder 
Silver-coated  resin  balls 

stroyed.  TTie  polarizing  field  is  the  driving  force  for  the 
ch^g  phenomena  and  without  it,  migration  of  particles 
to  fonn  chains  will  not  occur.  Recent  studies  have  revealed 
that  once  the  composite  sample  becomes  conducting,  a  few 
chains  will  remain  intact  and  keep  the  polarizing  field  at 
zero  while  the  rest  of  the  chains  will  relax  and  dissipate  due 
to  Brow^  motion.  Hence,a  rapid  cure  polymer  is  neces¬ 
sary  to  freeze  m  the  chained  structure  before  it  can  drift 
apm.  Recent  progress  with  alignment  in  UV  curable 
po^mers  has  been  promising,  but  more  work  is  necessary 
-^e  second  limitation  of  using  conducting  filler  materials 
IS  that  the  volume  fraction  of  the  fiUer  materials  must  be  less 
than  the  percolation  limit  (recall  Background  section)  If  the 
conducting  powder  is  present  in  large  enough  quantities  that- 
the  particles  touch  to  create  a  conducting  pathway  through 
the  material,  there  will  be  no  chaining  phenomena  because 
the  polai^tion  field  will  never  be  established. 

^e  third  limitation  of  conducting  fillers  concerns  electri¬ 
cal  breakdown  of  the  uncured  polymer  during  assembly.  As 
particles  begin  to  form  chains,  the  insulating  gap  between 
the  particles  becomes  increasingly  smaller.  This  creates  an 
enormous  enet©'  density  between  the  particles  and  can 
rault  m  sparking  or  electrical  discharge.  This  electric 
breakdown  can  slow  and  even  prohibit  the  curing  of  the 
matrix  due  to  thermal  decomposition  effects. 


Bppmxirnmiy  0.1  volume  fraction 
(top)  and  0.005  volume  traction  (bottom). 


— I  —  -  — ^ 


' '  - /  f 


stwss  ro.  squared  applied  field  for  polyure- 
,  ^  volume  fraction  SrTlOi  at  a  shear  rate  of  9  6  sec~’ 

(after  Bowen,  Bhalia,  Newnham  and  Randall). 


Ideal  Dielectrophoretic  Assembly  Conditions  for 
Composite  Materials 

Once  the  constituent  materials  have  been  selected  the 
^us  of  the  assembly  shifts  to  the  process  parameters. 
Based  on  the  conditions  placed  on  an  individual  system,  the 
dielectrophoretically  assembled  composite  can  have  a 
number  of  microstructures.  The  filler  can  exist  in  a  dis¬ 
persed  state,  well-defined  chains,  poorly-defined  chains,  and 
a  turbulent  flow  state  (Bowen  et  al.,  1994). 

While  it  was  shown  previously  that  the  effects  of  the 
applied  field  magnimde  have  a  great  effect  on  the  alignment 
of  the  particulate  filler  material,  the  frequency  of  the  applied 
field  also  has  an  enormous  impact  on  the  microstructure  of 
the  final  composite  material  (Bowen  et  al.,  1994).  Using  a 
modified  Brookfield  viscometer,  the  forces  of  attraction  be¬ 
tween  particles  as  a  function  of  the  applied  electric  field 
strength  and  frequency  can  be  indirectly  measured.  The 
stronger  the  attractive  forces  between  particles  are,  the 
harder  it  will  be  to  move  them  past  each  other  in  a  rotational 
viscometer.  This  will  result  in  a  higher  shear  stress  being 
recorded  for  conditions  which  maximize  the  force  of  attrac¬ 
tion  between  the  suspended  particulates  (for  complete  ex¬ 
perimental  details  see  Bowen  et  al.,  1994).  Figure  11  shows 
a  plot  of  the  shear  stress  versus  the  square  of  the  applied 
field  at  a  constant  shear  rate  for  a  polyurethane  matrix  with 
S1T1O3  filler.  When  DC  voltages  are  applied,  an  initial  in¬ 
crease  in  the  shear  stress  is  seen,  however,  it  diminishes 
with  increasing  field  intensity.  This  is  believed  to  be  caused 
ly  the  domination  of  the  electrophoretic  effect  at  high  elec¬ 
tric  field  strengths. 

As  can  be  seen  for  both  the  AC  frequencies  in  Figure  11, 
the  electrophoretic  effect  has  been  sucessfiilly  suppressed 
[the  plot  has  a  linear  dependence  on  P  as  predicted  by 
Equation  (3)].  Also,  Figure  11  clearly  shows  that  the  force 
of  attraction  between  particles  is  highly  frequency  depen- 
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dent.  For  this  system  at  a  given  electric  field,  there  is  a 
larger  particulate  force  of  attraction  at  10  Hz  than  at  100  Hz. 
This  shows  that  the  composite  architecture  is  adaptive  based 
on  the  given  set  of  assembly  conditions  (applied  field  inten¬ 
sity  and  frequency).  Also,  an  optimum  condition  (which 
differs  from  system  to  system)  exists  to  assemble  a  compos¬ 
ite  material  via  the  dielectrophoretic  techmque  (Bowen  et 
al.,  1994). 


APPUCATIONS  FOR  DIELECrROPHORETICALLY 

assembled  composite  materials 

Composite  materials  assembled  utilizing  the  dielec¬ 
trophoretic  effect  can  be  exploited  in  a  number  of  potential 
applications.  These  materials  may  not  only  be  used  as  elec¬ 
trical  composite  materials  but  as  thermally  conducting  and 
structural  composites  as  well.  They  also  have  the  ability  to 
achieve  percolation  at  low  volume  fractions  so  less  filler 
material  is  necessary.  A  chart  showing  the  potential  of 
dielectrophoretically  assembled  composites  is  given  in 
Figure  12. 

Electronic  Composite  Applications 

As  electronic  composite  applications  is  our  original 
projected  field  of  use  for  dielectrophoretically  processed 
/•nmpnsiie  materials,  maiqr  devices  have  been  considered  as 
p^t^ntial  candidates  for  this  processing  technique.  The  use 
of  dielectric  measurements  is  foreseen  as  a  type  of  quality 
control  on  this  class  of  materials.  Through  the  use  of  dielec¬ 


tric  measurements,  the  degree  of  alignment  as  wcU  as  the 
uniformity  of  the  composite  architecture  across  large  sam¬ 
ple  areas  can  be  quantitatively  determined.  In  the  future  it  is 
envisioned  that  a  microprocessor  feedback  loop  can  be  cou¬ 
pled  with  the  dielectric  measurements  to  adjust  the  field  and 
frequency  conditions  during  composite  fabrication  to  create 
an  intelligent  processing  setup. 

Hydrophones 

Using  the  direct  piezoelectric  effect,  piezoelectric 
ceramics  based  on  Pb(Zr.Ti)0,  can  be  utilized  as  pressure 
sensors.  However,  the  performance  of  these  materials  is 
limited  in  hydrostatic  applications  such  as  underwater 
acoustic  sensing  devices  (hydrophones)  due  to  transverse 
piezoelectric  contributions.  The  limitations  of  the  mono¬ 
lithic  ceramic  sensitivity  can  be  overcome  by  combining  the 
ceramic  with  a  polymer  to  form  a  composite  material.  In  the 
composite  design,  higher  sensitivity  levels  are  obtainable 
due  to  enhancements  of  the  effective  da  coefficient  via  stress 
transfer  from  the  polymer  to  the  ceramic  (Cao,  Zhang  and 
Cross,  1992).  Also,  the  composite  device  has  an  acoustical 
and  capacitive  impedance  closer  to  that  of  the  water  medium 
it  is  used  in  (due  to  the  replacement  of  most  of  the  ceramic 
with  a  polymer)  so  it  will  be  more  sensitive  to  subtle 
pressure  gradients.  The  most  sensitive  hydrophones  have 
been  designed  with  a  1-3  connectivity  which  has  the  advan¬ 
tage  of  large  </»,  easy  poling  conditions  and  good  imped- 
ance  matching  to  the  working  environment. 

Hydrophones  have  also  been  utilized  as  biomedical 
transducers  which  allow  ultrasonic  imaging  of  internal 
organs.  These  biomedical  devices  require  high  frequency 
operation  ( i  1  MHz)  in  order  to  provide  accurate  and  dis¬ 
tinct  images  (Smith  and  Shaulov,  1988).  To  obtain  these 
high  frequencies,  small  scale  Iqidrophone  composites  are  re¬ 
quired.  The  dielectrophoretic  assembly  technique  provides 
a  mrarm  to  fabricate  such  devices  on  a  much  smaller  scale 
than  is  currently  possible. 

PTC  Thermistors 

When  processing  conditions  are  applied  to  cause  a  con¬ 
ducting  fiUcr  to  chain  such  that  the  particles  are  touching,  a 
positive  temperature  coefficient  of  resistivity  composite 
material  is  created.  This  composite  rnaterial  will  be  conduc¬ 
tive  at  low  temperatures  and  insulati^  above  a  certain  criti¬ 
cal  temperature.  When  the  device  is  heated,  the  thermal  ex¬ 
pansion  mismatch  between  the  polymer  and  the  fiUer 
material  can  cause  the  composite  to  become  insulating  (see 
Figure  13).  Since  the  polymer  matrix  will  have  a  much 
larger  coefficient  of  thermal  expansion  than  the  filler 
material,  it  will,  on  heating,  separate  the  conducting  par¬ 
ticles.  This  results  in  an  insulating  composite  at  high  tem- 
peramres.  Figure  14  shows  a  typical  resistivity  versus 
temperature  response  for  such  a  composite  device  as  given 
by  Newnham  (1989).  A  device  such  as  this  is  useful  in  ap¬ 
plications  such  as  thermostats  and  temperature  sensors. 
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Flgurt  13.  Schematic  of  the  thermistor  application. 


'ninabie  Compliance  Devices 

It  IS  anticipated  that  a  device  can  be  fabricated  which 
alters  its  elastic  compliance  as  a  function  of  the  magnitude 
of  an  applied  electric  field.  By  applying  an  electric  field  to 
a  ^sponsion  of  polarizable  particles  in  an  insulating  fluid 
medium,  the  elastic  compliance,  and  hence,  the  mechanical 
resonant  frequency  of  the  device  should  be  altered.  The 
resonant  frequency  should  then  be  able  to  be  tuned  to  a 
specific  value  by  applying  an  appropriate  voltage  to  the 
system  according  to  the  following  expression: 


(4) 


where  Q  -  density,  c  =  elastic  stiffness  (voltage  depen¬ 
dent)  and  t  =  thickness  of  the  sample  (Newnham  and 

sc  u,  1991).  This  device  is  shown  schematically  in 
Figure  15.  ^ 


Structural  Applications 

TTie  focus  of  the  dielectrophoretic  assembly  of  composite 
dCTices  has  reccnUy  expanded  to  differing  particle  mor¬ 
phologies  and  it  has  been  shown  that  fibers  will  align  with 
the  electric  field  (recall  Figure  10  where  short  fibers  of  PZT 
were  aligned  and  chained).  Hence,  it  is  now  anticipated  that 
structural  composites  will  benefit  from  the  dielectrophoretic 
assembly  technique.  It  is  predicted  that  a  bulk  short  fiber 
reinforced  composite  material  can  be  processed  such  that  all 


.aI,  r,  «  composite  thermistor  as 

P  to  that  in  a  BaTiO^  ceramic  (after  Newnham,  1989). 


Ae  fibers  are  aligned  in  the  same  direction.  This  would  give 
dramatic  increases  in  composite  properties  over  those  at- 
tmnable  in  a  random  chopped  fiber  system.  As  mentioned, 
this  effect  has  only  recently  been  identified  and,  as  such, 
requires  further  study  before  any  conclusions  can  be  drawn. 

Thermally  Conducting  Composites 

Dielectrophoretic  assembly  of  composite  materials  also 
has  the  potential  of  being  used  to  produce  composites  util- 
^  for  their  thermal  conduction  properties.  A  composite 
filled  with  a  high  thermal  conductivity  filler  material  (SiC) 
aligned  using  the  dielectrophoretic  effect  will  exhibit  a  high 
thermal  conductivity  in  the  chained  directions  while  the 
thermal  conduction  in  the  transverse  directions  will  be  mini, 
mal.  While  the  thermal  expansion  mismatch  that  is  ex- 


^^-^^cmatic  of  the  tunable  compliance  application.  The 
eiwmc  held  induced  chains  (right)  will  give  the  device  a  different 
elastic  compliance  than  the  dispersed  case  (left). 
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ploited  in  the  composite  PTC  thermistor  must  be  taken  into 
consideration,  it  is  projected  that  the  working  range  of  these 

devices  can  be  controlled  by  the  temperature  used  to  cure 
the  device. 

Bhattacharya  and  Chaklader  (1983)  have  shown  thermally 
conductive  composites  are  possible  using  the  percolation  ef¬ 
fect.  By  usmg  dielectrophoretic  processing,  the  percolation 
limit  should  be  able  to  be  shifted  so  that  the  same  thermal 
conductivity  is  possible  at  lower  volume  fractions  of  filler 
material.  In  addition,  the  thermal  conductivity  of  a  dielec- 
trophoretically  produced  device  wDl  be  anisotropic,  having 
a  higher  thermal  conductivity  in  the  chained  direction.  As  is 
the  case  with  structural  composite  materials,  the  applica¬ 
tions  of  dielectrophoretically  produced  thermal  composites 
have  only  recently  been  realized  so  further  study  is  required 
in  this  area.  ^ 


SUMMARY 

In  this  paper,  a  new,  novel  processing  technique  termed 
dielectrophoretic  assembly  has  been  introduced.  It  has  been 
shown  to  be  applicable  to  a  wide  range  of  matrix  and  filler 
materials,  but  limitations  still  exist.  DiflTerent  assembly 
condmons  for  composite  fabrication  were  shown  to  have  a 
dramatic  effect  on  composite  architecture,  giving  the  com¬ 
posite  Its  adaptive  nature.  With  optimum  assembly  condi- 
tions  applied,  the  composite  consists  of  a  filler  material 
which  IS  abgned  unidirectionally  in  the  matrix  phase.  This 
type  of  nucrostnicture  can  be  exploited  in  terms  of  its  elec¬ 
trical,  tiiermal  and  strucniral  advantages.  By  varying  the 
processing  conditions,  composite  properties  can  be  “tuned” 
to  meet  different  design  criteria.  It  is  believed  that  once  the 
matenals  science  and  engineering  behind  this  processing 
tec^que  is  fully  developed,  dielectrophoretic  assembly 
will  become  a  powerful  processing  tool  for  the  fabrication 
ot  funcuonal  composite  materials. 
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The  electromechanical  and  dielectric  responses  of  ferroelectric  materials  near 
paraelectric-ferroelectric  (PF)  phase  transitions  are  examined  both  experimentally  and  theoretically. 

It  is  shown  that  the  type  of  PF  transition,  i.e.,  first  order  and  continuous  transitions,  and  diffused 
phase  transition  found  in  relaxor  ferroelectrics,  has  marked  effect  on  the  electromechanical  and 
dielectric  response  behavior  for  materials  under  electric  field  bias.  It  is  demonstrated  that  an 
exceptionally  large  piezoelectric  and  electromechanical  response  can  be  achieved  in  materials  with 
a  first  order  PF  transition.  For  example,  in  Ba,  -^.Sr^TiOj  (j:~0.35)  ceramics  at  room  temperature, 
a  piezoelectric  larger  than  1500  pmA^  with  very  little  frequency  dispersion  can  be 
obtained.  ©  1995  American  Institute  of  Physics. 


I.  INTRODUCTION 

Near  a  ferroelectric  phase  transition,  the  competition  be¬ 
tween  two  or  more  neighboring  phases  and  structural  insta¬ 
bility  make  the  material  susceptible  to  external  excitations 
and  disturbances.’’^  As  a  result,  a  large  change  in  material 
properties  can  be  induced  with  small  external  driving  forces. 
Many  devices  have  been  made  and  materials  have  been  de- 
velop)ed  utilizing  this  unique  feature  of  a  ferroelectric  mate¬ 
rial  near  a  phase  transition.^ 

In  this  article,  the  dielectric  and  electromechanical  prop¬ 
erties  of  a  material  near  its  associated  ferroelectric- 
paraelectric  (PF)  phase  transition,  in  particular  in  relation  to 
the  type  of  transition,  including  first  order,  continuous,  and 
diffused  phase  transitions  are  examined.  Information  of  this 
kind  can  be  useful  in  the  design  and  selection  of  materials  for 
electromechanical  actuator  and  sensor  applications,  pyroelec¬ 
tric  IR  detection,  energy  storage,  etc.  Experimental  results 
from  a  series  of  Ba, __,Sr^Ti03  (j:~0.35)  polyciystalline 
samples,  which  show  both  first  order  and  continuous  transi¬ 
tions,  and  lead  magnesium  niobate-lead  titanate  (PMN-PT) 
ceramics,  which  show  diffused  phase  transition  (relaxor  fer¬ 
roelectrics),  will  be  presented  and  the  comparison  between 
theoretical  and  experimental  results  will  be  made.  From  the 
results  of  (Ba,Sr)Ti03,  demonstrated  that  excep¬ 

tionally  large  piezoelectric  responses  can  be  achieved  in  ma¬ 
terials  with  a  first  order  PF  transition  and  the  overall  electro¬ 
mechanical  response  behavior  for  materials  with  a  first  order 
PF  transition  are  comparable  to  those  of  PMN-PT-type  re¬ 
laxor  materials. 


II.  RESULTS  FOR  MATERIALS  WITH  A  FIRST  ORDER 
AND  SECOND  ORDER  PF  TRANSITIONS 

A.  Phenomenological  treatment  of  the  transition 
behavior 

Using  Landau-Devonshire  theory,  the  expressions  for 
the  electric  field,  mechanical  stress,  and  temperature  depen¬ 


dence  of  the  dielectric,  piezoelectric  coefficients,  elastic 
compliance,  and  electromechanical  coupling  factor  near  both 
first  order  and  continuous  phase  transitions  can  be  derived 
for  single  crystal  materials.^  The  results  can  also  serve  as  a 
guideline  for  the  experiments  on  polycrystalline  materials. 

The  free  energy  for  a  PF  transition  from  a  cubic  to  a 
tetragonal  ferroelectric  phase  can  be  written  as 

G  =  (l/2)ap2  +  (l/4),8P^-f(l/6)y/>®-2,,X3p2 

-Qn{Xi+X2)P^-{l/2)s^^tiX]+Xl+xl),  (1) 

where  P  is  the  polarization,  Xj  are  the  mechanical  stress 
tensors,  oc=  oc^iT—Tf^,  T  is  temperature,  og,  /S,  yare  con¬ 
stants,  Qij  are  the  electrostrictive  coefficients,  and  are  the 
elastic  compliance  under  constant  electric  displacement.  For 
most  materials,  (2,y  and  sh  are  nearly  independent  of  tem¬ 
perature  and  electric  field.  In  Eq.  (1),  the  free  energy  for  the 
state  with  P  =  0  is  taken  as  zero.  The  difference  between  a 
first  order  transition  and  a  continuous  transition  is  reflected 
by  the  sign  of  /3  in  Eq.  (1).  For  a  first  order  transition  y3<0, 
and  for  a  continuous  transition  /8>0  and  the  transition  occurs 
atT=To. 

From  Eq.  (1),  the  basic  equations  which  describe  the 
response  behavior  of  a  material  in  the  transition  region  can 
be  derived  as  follows; 

dG 

(2) 

1 

[a+3/8P^-(-5yP''-2(2n^3-22i2(^i+A'2)]  ’ 

^33  =  2(2iieF 

26, ,P _ 

[a+3)3PH5yP^-2en^3-2ei2(2fi+2f2)]  ’ 
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^33 


42?,/’" 


{a  +  ^pP^  +  5yP‘'-2Q^^X^-2Ql2(X^+X2)']  ' 


(5) 


(6) 


where  E  is  the  electric  field  applied  in  the  3  direction,  e  is  the 
dielectric  permittivity,  is  the  piezoelectric  charge  coeffi¬ 
cient,  and  *33  is  the  electromechanical  coupling  factor.  The 
effect  of  mechanical  stress  on  various  material  coefficients  is 
equivalent  to  that  of  temperature.  That  is,  the  only  effect  of 
applying  a  mechanical  stress  Xj  on  a  sample  is  to  shift  the 
transition  temperature  from  the  original  Tq  to  a  new  value  of 
TQ+2QijXj/aQ.  Hence,  mechanical  stress  terms  are  omitted 
in  the  following  discussion. 

For  a  continuous  transition,  when  the  external  field  is 
zero,  at  7’<ro, 


P= 


japiTo-T) 

V  p 


1 

2ao(To-T)' 


^33 


2ii 

yJ/3aoiTo-T)  • 


(7) 


Above  Tq,  both  P  and  £^33  become  zero.  To  calculate  the 
variation  of  the  material  parameters,  i.e.,  e,  d,  etc.,  with  tem¬ 
perature  under  a  fixed  dc  bias  field  or  with  dc  bias  fields  at  a 
given  temperature,  Eqs.  (2)-(5)  are  solved  numerically.  Pre¬ 
sented  in  Fig.  1  are  the  material  properties  as  a  function  of 
temperature  under  a  fixed  dc  bias  field  for  a  material  with  a 
continuous  PF  transition.  The  parameters  used  are  listed  in 
Table  I.  Clearly,  a  dc  bias  field  eliminates  the  critical  behav¬ 
ior,  that  is,  the  material  parameters  no  longer  exhibit  the 
I  To -rj -type  temperature  dependence  behavior,  which  leads 
to  the  anomalous  dielectric  and  piezoelectric  responses  as 
shown  in  Eq.  (7)  and  reduces  the  dielectric  constant  substan¬ 
tially.  Consequently,  the  material  does  not  exhibit  a  large 
piezoelectric  coefficient  and  electromechanical  coupling  fac¬ 
tor  in  the  induced  piezoelectric  state. 

In  contrast,  for  materials  with  a  first  order  transition, 
these  material  parameters  will  have  a  substantial  increase  as 
a  dc  electric  bias  field  is  applied.  Without  a  dc  bias  electric 
field,  a  first  order  transition  will  occur  at  a  temperature 
7'ir=7’o+[(3/3^)/(16aror)].'^  Under  a  dc  bias  field,  a  critical 
region  will  be  induced  near  the  critical  field 
^c”[(6^^)/(25y)]P^.  The  polarization  at  the  critical  field 
is  ~‘(3^)/(10y)  and  the  critical  temperature  is  at 
^c~^o“^[(9^^)/(20ao7)].'*  Near  the  critical  point. 


T(C) 


FIG.  1.  (a)  the  dielectric  constant;  (b)  the  piezoelectric  coefficient;  and  (c) 
the  electromechanical  coupling  factor  at  different  dc  bias  field  as  a  function 
of  temperature  for  a  material  with  a  continuous  PF  transition.  The  results  are 
calculated  based  on  Landau -Devonshire  theory. 


*33-l,e-|r-r,|  and  di^-^P,\T-T}-\ 

(8) 

hence,  both  e  and  d  exhibit  singular  behavior.  In  Fig.  2,  the 
dependence  of  the  dielectric  constant,  piezoelectric  coeffi¬ 
cient,  and  electromechanical  coupling  factor  with  various 
bias  electric  fields  and  temperature  for  a  material  with  a  first 
order  transition  is  presented.  The  parameters  used  here  are 


TABLE  I.  Parameters  used  in  the  theoretical  calculation.* 


7 

Qu 

Continuous  transition 

6.66x10^ 

9.48X10* 

3.94X10'“ 

0.1 

First  order  transition 

6.66X10^ 

-9.48X10* 

3.94X10'“ 

0.1 

“All  the  parameters  arc  in  MKS  units. 
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TABLE  n.  Characteristics  of  the  BST  ceramics. 


FIG.  2.  (a)  the  dielectric  constant;  (b)  the  piezoelectric  coefficient;  (c)  and 
the  electromechanical  coupling  factor  at  different  dc  bias  field  as  a  function 
of  temperature  for  a  material  with  a  first  order  PF  transition.  In  (b)  and  {c)» 
3.8  kV/cm.  The  results  are  calculated  based  on  Landau-Devonshire 
theory. 


those  of  BaTi03  single  crystal  which  are  also  listed  in  Table 
These  parameters  are  similar  to  those  used  in  the  calcula¬ 
tion  for  the  continuous  transition  above  except  (5.  The  excep¬ 
tionally  large  induced  piezoelectric  coefficient  and  large 
electromechanical  coupling  factor  shown  in  Fig.  2  are  in 
marked  contrast  to  the  relatively  low  electromechanical  ac¬ 
tivity  in  the  induced  piezoelectric  state  of  a  material  with  a 
continuous  transition  (Fig.  1). 

The  results  above  can  be  summarized  as:  applying  a  dc 
bias  electric  field  moves  the  piezoelectric  and  dielectric 
maximums  to  higher  temperatures  for  both  the  first  order  and 


BSTl 

BST2 

BST3 

Composition  (Ba/Sr/Ca) 

58/32/10 

6imfo 

59/31/10 

Doping  (Ho/Mn) 

Undoped 

0,5/0. 1 

0.5/0. 1 

Grain  size  {pirn) 

17 

2.1 

2.6 

continuous  phase  transitions.  The  difference  between  the  two 
types  of  transition  is  that  for  a  material  with  a  continuous  PF 
transition,  the  dielectric  and  piezoelectric  maximums  will 
subside  as  the  dc  bias  field  increases,  while  for  a  first  order 
PF  transition,  the  peak  values  of  these  coefficients  will  in¬ 
crease  with  dc  bias  field  up  to  a  critical  field,  and  then  de¬ 
crease.  A  stronger  first  order  transition  will  lead  to  a  higher 
critical  bias  field  and  larger  temperature  differences  between 
Tc  and  7^..  This  behavior  provides  a  convenient  means  to 
distinguish  a  first  order  transition  from  a  continuous  transi¬ 
tion.  Most  importantly,  a  large  piezoelectric  coefficient  and 
electromechanical  coupling  factor  are  expected  for  a  material 
with  a  first  order  PF  transition  at  temperatures  near  under 
a  critical  dc  bias  field. 

In  most  practical  applications,  the  materials  used  are  in 
polycrystalline  form.  The  nonzero  stresses  existing  at  grain 
boundaries  and  random  orientation  of  grains  will  broaden  a 
first  order  transition.  However,  it  should  not  change  the  con¬ 
clusions  reached  above,  that  is,  to  have  a  high  piezoelectric 
response  and  electromechanical  coupling  factor  in  the  in¬ 
duced  piezoelectric  state,  a  material  with  a  strong  first  order 
transition  is  preferred  and  a  strong  first  order  transition  is 
marked  experimentally  by  a  large  difference  between 
and  7^. 

B.  Experimental  results  for  Ba^.^^Sr^fTlOa  ceramics 

The  ceramic  (Ba,Sr)Ti03  (BST)  was  chosen  for  this 
study.  The  materials  used  have  a  PF  transition  near  room 
temperature.  Three  different  specimens,  containing  different 
levels  of  Ca  as  well  as  Ho  and  Mn  dopants,  were  selected  for 
the  investigation.  The  characteristics  of  the  materials  are 
listed  in  Table  II.  These  three  types  of  specimens,  as  will  be 
shown  later  in  the  paper,  exhibit  a  continuous  PF  transition,  a 
weakly  first  order  transition,  and  a  first  order  transition,  re¬ 
spectively.  Correspondingly,  the  specimens  are  designated  as 
BSTl,  BST2,  and  BST3.  The  properties  investigated  are  the 
dielectric  permittivity  633,  the  piezoelectric  coefficients  <^33 
and  J3 1 ,  and  the  polarization  and  longitudinal  strain  hyster¬ 
esis  loops  at  high  driving  fields.  Both  633  and  were  mea¬ 
sured  with  and  without  dc  electric  bias  field.  Typical  sample 
sizes  in  those  measurements  were  6X5  mm^  in  area  and  1 
mm  in  thickness.  For  the  dc  biased  dielectric  constant  mea¬ 
surements,  samples  with  0.15  mm  thickness  were  used  in 
order  to  obtain  higher  field  levels. 

In  addition  to  polycrystalline  samples,  BaTi03  single 
crystal,  which  has  a  well  defined  first  order  PF  transition, 
was  also  investigated.  The  high  conduction  under  dc  bias 
field  at  high  temperatures,  especially  near  the  transition 
point,  resulted  in  irregular  temperature  changes  and  hence  no 
reliable  results  could  be  obtained. 


J.  Appl.  Phys.,  Vol.  77,  No.  6.  15  March  1995 


Zhang  et  al.  2551 


w  15000 


p  20000 


Temp  (C) 


FIG,  3.  The  dc  bias  field  dependence  of  the  dielectric  constant  as  a  function 
of  temperature  for  (a)  BSTl;  (b)  BST2;  (c)  BST3  near  the  PF  transiUon 
region. 


The  dielectric  constant  was  determined  using  a  HP  LCR 
meter  (HP-4274A)  in  the  frequency  range  from  0.1  to  100 
kHz.  The  temperature  control  for  this  setup  was  made  by  a 
Delta  temperature  chamber.  The  piezoelectric  coefficients 
and  the  strain  hysteresis  loops  were  measured  using  a  laser 
dilatometer.  The  dilatometer  is  equipped  with  a  temperature 
chamber  covering  the  temperature  range  from  near  liquid 
nitrogen  temperature  to  about  200  °C.  The  polarization  hys¬ 
teresis  behavior  (P/E)  was  acquired  using  a  Sawyer-Tower 
circuit  with  a  Delta  temperature  chamber  to  regulate  the  tem¬ 
perature. 

Shown  in  Fig.  3  are  the  dielectric  constant  for  the  three 
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FIG.  4.  The  dc  bias  field  dependence  of  the  piezoelectric  coefficients  in  the 
field  tuned  piezoelectric  sute  as  a  function  of  temperature  for  (a)  BSTF  (b) 
BST2;  (c)  BST3  samples. 


BST  samples  as  a  function  of  temperature  acquired  under 
different  dc  electric  bias  fields.  For  BSTl,  the  peak  value  of 
the  dielectric  constant  decreases  progressively  as  the  dc  bias 
field  increases,  a  typical  characteristic  for  a  continuous  tran¬ 
sition.  For  BST2,  the  dielectric  constant  maximum  rises 
slightly  with  increased  dc  electric  bias  field,  before  dropping 
to  lower  values  at  higher  dc  bias  fields.  Therefore,  the  tran¬ 
sition  in  BST2  is  near  the  boundary  between  a  first  order  and 
a  continuous  transition,  i.e.,  near  a  tricritical  point.  In  con¬ 
trast,  for  BST3  samples,  as  the  dc  bias  field  increases,  the 
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FIG.  5.  The  induced  piezoelectric  coefficient  for  BST3  (a)  as  a  function  of 
dc  bias  field;  (b)  as  a  function  of  frequency  at  a  temperature=22.2  ®C  (the 
critical  temperature). 

dielectric  constant  maximum  exhibits  a  marked  increase.  At 
the  critical  point  (with  £^=1.95  kV/cm),  the  dielectric  peak 
reaches  its  maximum  value  and  the  transition  behavior  is 
very  much  like  a  continuous  one.  As  the  dc  bias  field  in¬ 
creases  further,  the  peak  value  of  the  dielectric  constant  sub¬ 
sides.  These  are  the  features  expected  for  a  first  order  tran¬ 
sition  as  explained  above  using  the  phenomenological  theory. 
The  temperature  difference  between  the  critical  point  and  the 
transition  temperature  at  zero  bias  field  for  BST3  is  about 
1  ®C,  which  is  significantly  smaller  than  that  for  pure 
BaTi03,  in  which  this  difference  is  about  9  Substituting 
Ba  with  Sr  apparently  weakens  the  first  order  PF  transition. 

The  piezoelectric  constants  for  the  three  BST  materials 
are  shown  in  Fig.  4  determined  at  a  frequency  of  1  kHz.  As 
the  PF  transition  becomes  more  first  order,  the  peak  value  of 
the  induced  piezoelectric  constant  increases,  which  is  consis¬ 
tent  with  theoretical  results.  For  BSTl,  the  maximum  in¬ 
duced  £^33  is  found  to  be  925  pmA^  and  for  BST2,  1150 
pmfV.  For  BST3,  which  shows  a  clear  first  order  transition, 
under  the  critical  dc  bias  field  (1.95  kV/cm),  the  induced 
reaches  1550  pndV,  The  frequency  dependence  of  the  in¬ 
duced  piezoelectric  constant  was  also  characterized  and  is 


FIG.  6.  The  longitudinal  strain  hysteresis  loop  for  BST3  at  temperatures 
near  the  PF  transition. 


shown  in  Fig.  5  for  BST3.  The  piezoelectric  coefficient 
shows  very  little  frequency  dispersion  compared  with  that  of 
PMN-PT  relaxor  materials.^  As  indicated  in  Eq.  (8),  a  mate¬ 
rial  with  a  strong  first  order  PF  transition,  that  is,  a  large 
7^  —  Ttr,  will  yield  a  large  induced  piezoelectric  response  and 
since  in  BST3,  7^—  is  only  1  ®C,  which  is  far  smaller  than 
that  of  BaTi03,  significantly  higher  induced  ^^33  value 


FIG.  7.  The  dielectric  constant  (at  1  kHz)  and  remanent  polarization  as  a 
function  of  temperature  for  PMN-PT  (0.9-0. 1)  near  the  diffused  phase  tran¬ 
sition  region.  Notice  the  temperature  difference  between  7^  and  T„ . 
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nc.  8.  (a)  The  piezoelectric  coefficient  of  PMN-PT  (0.9-0.1)  as  a  funcUon 
of  dc  bias  field  at  different  temperatures;  (b)  dj,  as  a  function  of  tempera- 
ture  at  £^=2.5  kV/cm.  All  the  measurements  were  made  at  800  Hz  fre¬ 
quency. 

should  be  achievable  for  ceramics  fabricated  with  larger 
T  —T 

‘  C  ■*  U" 

The  strain  hysteresis  loop  for  BST3  was  measured  in  the 
temperature  range  near  the  PF  transition  and  the  data  are 
presented  in  Fig.  6,  which  were  taken  at  a  rate  of  one  cycle 
per  second.  Near  the  phase  transition  temperature,  a  rela¬ 
tively  high  strain  can  be  induced  (^3=0.06%  under  a  10 
kV/cm  driving  field)  with  very  little  hysteresis.  From  the 
strain  measurements,  the  electrostrictive  coefficients  j2n  and 
Qi2  were  determined  for  BST3  near  the  PF  transition 
(22  °C)  with  e,,  =0.043  and  j2,2=-0.012  mVc\  respec¬ 
tively.  In  the  temperature  range  measured  (from  15  to  26  °C), 
Qij  is  found  to  be  nearly  temperature  independent.  From 
fill .  ^33  can  be  evaluated  using  the  relation  t/33=2e,|eP 
and  t/33=  1,600  pnW  for  BST3  at  the  critical  point,  where 
P  =  1  fiC/cm  (from  the  polarization  hysteresis  loop)  and 
6^^=30  000  are  used.  This  is  very  close  to  the  value 
directly  measured. 

III.  RESULTS  FROM  RELAXOR  MATERIALS  (PMN-PT) 

Owing  to  many  unique  features,  ferroelectric  relaxor  ma¬ 
terials,  most  notably  the  lead  magnesium  niobate-lead  titan- 


TABLE  III.  The  comparison  of  BST  samples  and  PMN-PT  (0.9-0. 1) 
sample. 


<^33  (max)  (pmA^) 

£bus  (kV/cm) 

FWHM  (°C) 

PMN-PT  (0.9-0. 1) 

1350 

3.3 

40 

BSTl 

925 

2 

6 

BST2 

1150 

2 

2 

865 

4 

9 

BST3 

1550 

1-97 

1.2 

900 

3.94 

10 

ate  [(1  x)PMN-xPT]  family,  have  become  one  of  the  most 
important  transducer  materials^  In  most  applications,  the 
material  is  operated  in  the  temperature  region  near  the  broad 
dielectric  constant  maximum,  termed  as  the  diffused  phase 
transition  (DP)  region.  Typical  data  for  the  dielectric  constant 
and  the  remnant  polarization  near  the  DP  region  are  plotted 
in  Fig.  7,  which  are  taken  from  PMN-PT  (0.9-0. 1)  compo¬ 
sition.  Besides  the  broad  dielectric  constant  peak  and  its 
strong  frequency  dependent  behavior  (not  shown  in  the  fig¬ 
ure),  there  is  a  large  temperature  difference  between  the  di¬ 
electric  constant  maximum  and  the  depolarization  tem¬ 
perature  where  the  remnant  polarization  decreases 
precipitously,  a  feature  distinctively  different  from  a  regular 
first  order  and  continuous  PF  transitions.  The  induced  piezo¬ 
electric  constant  d  in  this  type  of  material  can  be  related 
approximately  to  the  polarization  P  and  dielectric  permittiv¬ 
ity  €  through 

d=2€QP,  (9) 

where  Q  is  the  corresponding  electrostrictive  coefficient.^ 
The  maximum  induced  piezoelectric  constant  will  depend  on 
which  will  be  elucidated  in  the  following  section. 

Unlike  the  first  order  and  continuous  PF  transitions 
where  the  theoretical  understanding  is  relatively  well  estab¬ 
lished,  a  rigorous  theoretical  treatment  on  the  transition  be¬ 
havior  in  relaxor  materials  is  still  lacking.  However,  a  coher¬ 
ent  picture  on  this  type  of  material  is  emerging^  and  many  of 
the  properties  can  be  understood  qualitatively.  For  a  relaxor 
material,  like  PMN-PT,  many  of  its  properties  resemble  those 
of  random  field  system  as  well  as  those  of  spin  glass.^’^  For 
a  random  field  system,  where  the  ferroelectric  long  range 
ordering  is  destroyed  by  the  local  random  fields,  the  broad 
dielectric  constant  peak  is  related  to  the  dynamics  of  the 
micropolar  domains.  Therefore,  from  the  consideration  of  the 
dynamic  scaling  of  a  random  field  system,^®  imposing  a  dc 
bias  field  on  a  relaxor  material,  which  will  increase  the  co¬ 
herent  length  of  the  polar  region,  will  reduce  the  dielectric 
constant  maximum  and  broaden  the  dielectric  constant  peak 
(measured  by  the  full  temperature  width  at  half  peak  maxi¬ 
mum)  as  have  been  observed  by  many  previous  experiments. 

One  conclusion  which  can  be  drawn  from  Eq.  (9)  is  that 
in  order  to  have  a  large  induced  piezoelectric  response  in  a 
material,  it  is  necessary  to  have  a  large  dielectric  constant 
and  polarization  level  concomitantly.  The  induced  polariza¬ 
tion  will  increase  monotonicaily  with  the  dc  bias  field,  while 
at  temperatures  above  the  dielectric  constant  subsides  as 
the  dc  field  increases  due  to  the  reasons  presented.  To  induce 
a  fixed  polarization  level  P,  a  lower  bias  field  is  needed 
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when  the  temperature  is  closer  ioT^.  Therefore,  the  highest 
induced  piezoelectric  coefficient  peak  will  be  located  at  a 
temperature  between  and  and  a  material  with  a 
smaller  7^  — will  have  a  larger  induced  piezoelectric  re¬ 
sponse.  On  the  other  hand,  if  a  small  temperature  variation  of 
the  induced  piezoelectric  coefficients  is  required,  a  material 
with  a  larger  should  be  used. 

Various  characteristics  of  the  induced  piezoelectric  re¬ 
sponse  of  PMN-PT  (0.9-0. 1),  a  typical  relaxor  material,  at 
room  temperature  have  been  investigated  by  Pan  et  al.^  The 
data  presented  here  are  related  to  the  temperature  depen¬ 
dence  behavior  of  the  induced  piezoelectric  constant  since 
the  material  properties  are  temperature  sensitive.  Shown  in 
Fig.  8  are  the  field  dependence  of  the  induced  piezoelectric 
coefficient  at  various  temperatures  measured  at  800  Hz.  The 
maximum  induced  ^^33  for  this  material  is  1350  pmA^  oc¬ 
curred  at  about  35  ®C,  which  in  between  7^  and  7^  (Fig.  7). 
Although  the  induced  (^33  at  a  constant  dc  bias  field  varies 
with  temperature  [Fig.  8(b)],  the  rate  of  the  change  is  much 
smaller  for  PMN-PT  (0.9-0. 1)  compared  with  those  of  BST 
samples.  Since  in  most  applications,  a  large  induced  is 
highly  desirable  and  the  induced  piezoelectric  state  is  oper¬ 
ated  near  the  piezoelectric  coefficient  peak  region,  as  a  quan¬ 
titative  measure  of  the  temperature  changing  rate,  we  intro¬ 
duce  the  notion  of  the  full  temperature  width  at  half  peak 
maximum  (FWHM).  In  Table  III,  a  comparison  is  made  for 
BST  samples  and  PMN-PT  (0.9-0. 1).  The  table  reveals  that 
there  is  a  trade  off  between  the  maximum  value  and  the 
temperature  variation  of  the  induced  piezoelectric  coeffi¬ 
cient, 

IV.  SUMMARY 

This  article  examined  the  characteristics  of  perovskite- 
type  ferroelectric  materials  near  the  PF  transition  region.  The 


results  demonstrate  that  by  making  use  of  the  unique  features 
of  materials  near  a  PF  transition,  a  large  electromechanical 
response  can  be  achieved.  For  example,  a  ^^33  of  1550  pnW 
with  very  little  frequency  dispersion  has  been  obtained  in  the 
induced  piezoelectric  state  in  (BaSr)Ti03  ceramic.  It  is  also 
shown  that  there  is  a  large  difference  in  the  way  of  the  ma¬ 
terial  properties  responding  to  the  dc  bias  electric  field 
among  a  first  order,  a  continuous,  and  a  relaxor  diffused  tran¬ 
sitions  and  this  difference  can  be  used  to  identify  the  type  of 
a  transition.  The  comparison  among  the  materials  with  three 
types  of  transitions  indicates  that  besides  the  relaxor  materi¬ 
als,  there  are  other  materials  having  a  large  induced  piezo¬ 
electric  response  and  reasonable  operation  temperature 
range. 
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In  this  paper,  the  results  of  a  recent  investigation  of  the  dependence  of  the  induced  piezoelectric  activity  on  tem¬ 
perature,  electric  bias  field,  and  frequency  and  the  electrostrictive  response  in  the  relaxor  ferroelectric  lead  mag¬ 
nesium  niobate-lead  titanate  ceramics  ((l“x)(Pb(Mgi/3Nb2/3)03)-x(PbTi03))  at  compositions  below  30%  PT 
are  presented.  It  was  observed  that  the  electrostrictive  strain  at  temperatures  near  the  dielectric  constant  maxi¬ 
mum  Tniax  increases  monotonically  with  increased  PT  content.  For  PMNiPT  at  compositions  near  30%  PT,  the 
electrostrictive  strain  under  a  10  kV/cm  electric  field  can  reach  about  0.15%  with  very  little  hysteresis.  An  excep¬ 
tionally  large  piezoelectric  response  with  an  effective  piezoelectric  dzz  coefficient  in  the  electric  field  induced  state 
of  over  1,800  pC/N  could  be  achieved  for  selected  PMN:PT  compositions  and  electric  bias  fields. 

KEYWORDS:  electrostriction,  piezoelectricity,  relaxor  ferroelectrics,  actuator  and  transducer,  phase  transition 


1.  Introduction 

Electrostriction  exists  in  all  materials,  however,  it 
was  not  until  the  introduction  of  relaxor  ferroelectric 
materials  in  the  late  seventies  that  this  phenomenon  be¬ 
gan  to  attract  attention  for  electromechanical  trans¬ 
ducer  apphcations.^*^^  Compared  with  piezoelectric  cer¬ 
amics  such  as  lead  zirconate-titanate  (PZT)  ceramics, 
relaxor  ferroelectric  materials  offer  relatively  high  elec¬ 
tric  field  induced  strain  (^0.1%)  with  a  minimal  hyste¬ 
resis  effect. Moreover,  since  no  poling  process  is  in¬ 
volved,  electrostrictive  relaxor  materials  do  not  suffer 
strain  aging  or  creep,  as  found  in  most  piezoceramic 
materials,  limiting  their  use  in  certain  applications.^^ 

In  general,  an  electrostrictive  material  can  be  operat¬ 
ed  either  in  the  electrostrictive  mode  or  in  the  electric 
field  biased  piezoelectric  mode.  In  the  former  case,  a 
large  polarization  and  large  electrostrictive  coefficient 
are  necessary  for  a  material  to  exhibit  a  large  electric 
field  induced  strain  or  electromechanical  coupling.  In 
the  latter  case,  a  DC  electric  bias  field  is  applied  onto 
the  specimen  to  induce  a  bias  polarization,  analogous  to 
the  biased  magnetostriction  phenomenon,  and  the 
piezoelectric  coefficient  dzz  (or  dzi)  is  related  to  the 
polarization  level  P  and  the  dielectric  permittivity  £33  in 
the  field  biased  state  through  approximately: 

d33~2QiiPe33  (or  dzi~^Qi2Psz3)  (l) 

where  Qn  and  Qn  are  the  longitudinal  and  transverse 
electrostrictive  coefficients  of  the  material,  respec¬ 
tively.  Clearly,  a  large  polarization  and  a  large  dielec¬ 
tric  constant  in  the  induced  piezoelectric  state  are  re¬ 
quired  in  order  to  have  a  large  induced  piezoelectric 
coefficient. 

Relaxor  ferroelectrics  are  characterized  by  their  very 
broad  dielectric  constant  peak.  At  temperatures  near 
Tmax  (the  temperature  of  dielectric  constant  maximum, 
which  is  frequency  dependent),  a  large  electrostrictive 
strain  can  be  induced. The  high  dielectric  permittivity 
near  Tmix  can  also  be  utilized  to  improve  the  piezo¬ 
electric  response  in  the  induced  piezoelectric  state,  ais 
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indicated  by  eq.  (l).  For  a  relaxor  ferroelectric,  there  is 
another  characteristic  temperature,  the  depolarization 
temperature  Td,  which  lies  lower  than  Tmax  and  also 
plays  an  important  role  in  determining  the  elec¬ 
tromechanical  behavior  of  the  material. 

In  this  paper,  the  results  of  a  recent  experimental  in¬ 
vestigation  on  the  electromechanical  behavior,  i.e.  the 
electrostriction  and  electric  bias  field  induced  piezo¬ 
electricity,  in  PMN:PT  relaxor  ceramics  will  be 
presented.  The  electrostrictive  behavior  and  induced 
piezoelectric  effect  of  PMN:PT  at  low  PT  content 
(near  10%  PT)  has  been  studied  earlier.  In  the  earli¬ 
er  studies,  it  was  found  that  in  0.9PMN:0.1PT,  a  large 
electrostrictive  strain  of  up  to  0.1%  could  be  induced 
with  an  electric  field  of  10  kV/cm.  In  addition,  a  large 
piezoelectric  coefficient  dzz  in  the  field  induced  piezo¬ 
electric  state  of  0.9PMN:0.1PT  was  also  demonstrated 
by  Nakajima  et  aL,  where  the  measurement  was  per¬ 
formed  under  near  static  condition. More  recently. 
Pan  et  al.  investigated  the  induced  piezoelectric  effect 
in  PMN:PT  with  low  PT  content  (below  10%  PT)  at 
room  temperature  and  showed  that  an  electric  field  tun¬ 
able  piezoelectric  state  can  be  established  in  this  type 
of  material  with  a  piezoelectric  coefficient  dzz  as  high  as 
1,000  pC/N,  far  above  those  obtainable  in  regular  piezo¬ 
electric  materials.  However,  in  that  study,  the  tempera¬ 
ture  dependence  of  the  induced  piezoelectricity  was 
not  characterized.®^ 

Shown  in  Fig.  1  is  the  phase  diagram  of  PMN:PT.  It 
is  well  known  that  at  PT  content  below  the  morphotrop- 
ic  phase  boundary  (at  about  30%  PT),  the  material  ex¬ 
hibits  relaxor  ferroelectric  behavior.®’®^  Here,  a  brief  dis¬ 
cussion  is  presented  concerning  the  general  evolution 
behavior  of  the  electrostrictive  strain  S  and  induced 
piezoelectric  response  with  PT  content.  The  discussion 
is  based  on  eq.  (l)  for  the  piezoelectric  response  and 
the  relation  of  S=QP^  for  the  electrostrictive  strain. 

One  interesting  feature  of  Fig.  1  is  that  as  PT  con¬ 
tent  increases,  the  temperature  difference  Tmax^Td 
decreases. From  the  phenomenological  theory,  it 
can  be  shown  that  the  energy  barrier  to  induce  a  ferro¬ 
electric  state  decreases  as  the  temperature  approaches 
that  of  the  ferroelectric-paraelectric  transition  from 
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Fig.  1.  Phase  diagram  of  PMK:PT  system. 


above. Therefore,  as  temperature  gets  closer  to  Td 
from  above,  the  induced  polarization  P  will  increase  for 
a  given  applied  electric  field.  As  a  result,  it  is  expected 
that  the  electrostrictive  strain  under  a  given  electric 
field  at  temperatures  near  T,nax  will  increase  with  PT 
content  since  T„,ax  moves  closer  to  Th  with  increased 
PT  content.  By  the  same  argument,  the  field  biased 
piezoelectricity  at  temperatures  near  T„,ax  should  also 
increase.  In  addition,  as  will  be  shown  later,  the  elec¬ 
trostrictive  coefficients  also  increase  with  PT  content, 
resulting  in  a  further  increase  in  the  electromechanical 
response  of  the  materials  with  increased  PT  content. 
On  the  other  hand,  as  PT  content  increases,  it  is  well 
known  that  the  material  moves  progressively  towards 
normal  ferroelectrics,^^  which  may  cause  increased  hys¬ 
teresis  due  to  the  increase  in  the  energy  barriers  to 
switch  polarization  vectors  among  different  equivalent 
states  and  hence,  a  reduction  in  the  dielectric  constant 
and  consequently,  a  reduction  of  piezoelectricity  in  the 
field  biased  state.  It  is  one  of  the  objectives  of  this  in¬ 
vestigation  to  examine  how  these  competing  effects 
influence  the  electromechanical  behavior  of  this  family 
of  material  in  the  relaxor  region  (PT  content  less  than 
30%).  In  addition,  the  temperature  and  frequency  de¬ 
pendence  of  the  induced  piezoelectricity  and  electro- 
striction  was  also  characterized. 

2.  Experimental  Procedure 

The  PMNrPT  ceramics  with  different  PT  contents 
selected  for  this  study  are  listed  below:  (l)  0.9Pb 
{Mg,/3Nb2/3)O3:0.1PbTiO3,  (2)  0.8Pb(Mg,/3Nb2/3) 

O3:0.2PbTiO3,  (3)  0.72(Mg,/3Nb2/3)03:0.28PbTi03. 

Among  these  three  compositions,  0.9PMN:0.1PT  ex¬ 
hibits  typical  relaxor  behavior  and  0.72PMN:0.28PT  is 
very  near  the  morphotropic  phase  boundary  where  the 
behavior  of  the  material  will  be  affected  strongly  by  the 
increased  normal  ferroelectricity,  and  0.8PMN:0.2PT 
is  a  composition  between  the  two. 

The  ceramic  samples  across  the  series  were  prepared 
using  the  columbite  precursor  method  as  described  by 
Swartz  and  Shrout.'^^  In  this  processing,  reagent  grade 


MgO  and  NbjOr,  are  first  reacted  to  form  the  columbite 
structure  MgNb20c  which  is  then  reacted  with  PbO 
and  TiO.  to  form  Pb(Mg,/3Nb2/3)03:PbTi03  composi¬ 
tions.  Completion  of  the  reactions  was  verified  using  X- 
ray  diffraction,  which  was  also  used  to  determine  the  ap¬ 
propriate  structure.  After  milling,  the  various  powders 
were  cold  pressed  to  form  disks,  followed  by  sintering 
at  temperatures  near  1250“C  for  4-6  h  and  then  an- 
nealled  in  O,  atmospheres  at  900 °C  for  about  6  h. 

The  weak  field  dielectric  properties  were  determined 
with  a  HP  multi-frequency  LCR  meter  (HP4274)  and 
the  temperature  dependence  of  the  remanent  polariza¬ 
tion  was  characterized  by  the  Byer-Roundy  tech¬ 
nique.  The  dielectric  properties  at  high  driving  fields 
were  evaluated  using  a  Sawyer-Tower  circuit.'""  The 
piezoelectric  coefficient  djj  in  the  induced  piezoelectric 
state  and  electrostrictive  strain  were  measured  by  a 
double  beam  laser  ultra-dilatometer,  which  was  de¬ 
scribed  in  an  earlier  publication.'®^ 

3.  Experiment  Results  and  Discussions 

3. 1  Dielectric  constant  and  polarization  data 

The  dielectric  constant  measured  at  1  kHz  and  rema¬ 
nent  polarization  vs  temperature  for  the  three  composi¬ 
tions  are  shown  in  Fig.  2.  One  salient  feature  of  the 
data  is  that  the  temperature  of  maximum  dielectric  con¬ 
stant,  Tmax,  does  not  coincide  with  the  temperature  of 
depolarization  Td,  a  feature  distinctively  different  from 
normal  ferroelectrics.  The  temperature  difference  T„,a, 
Td  decreases  as  the  PT  content  increases,  consistent 
with  the  earlier  observations.  With  increased  PT  con¬ 
tent,  the  dielectric  peak  sharpens,  indicating  a  gradual 
approach  toward  normal  ferroelectric  behavior. 

3.2  Electrostrictive  behavior 

The  electrostrictive  strain  was  characterized  for 
these  materials  at  temperatures  near  T™,.,  since  this  is 
the  region  where  the  materials  are  most  likely  to  be  uti¬ 
lized  as  electrostrictive  materials.  Shown  in  Fig.  3  are 
the  typical  strain  response  curves  acquired  at  1  Hz. 
Very  little  hysteresis  was  observed.  The  data  present¬ 
ed  for  0.9PMN:0.1PT  at  room  temperature  is  similar 
to  that  previously  reported.®'  The  materials  with  higher 
PT  content  exhibit  larger  electrostrictive  strains.  In 
Table  I,  the  electrostrictive  coefficients  Q,,  and  Qu  at 
temperatures  near  are  presented.  The  data  for 
PM N  are  taken  from  ref.  6.  Apparently,  the  electro¬ 
strictive  coefficients  increase  as  PT  content  increases 
for  the  compositions  investigated.  In  Fig.  4,  the  elec¬ 
trostrictive  strains  measured  at  under  10  kV/cm 
electric  field  for  the  three  compositions  are  compared. 


Table  1.  The  electrostictive  coefficients  for  PMNrPT  relaxor  ferro- 
electrics 


Composition 

Qi,  (lO'^XmVC^l 

C?„(l0-^xmVC’) 

PMN 

1.9 

-0.61 

0.9PMN:0.1PT 

2.0 

-0.65 

0.8PMN:0.2PT 

2.24 

0.7PMN:0.3PT 

2.5 

-0.88 
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Fig.  2.  The  dielectric  constant  (at  1  kHz)  and  remanent  polariza¬ 
tion  as  a  function  of  temperature  for  0.9PMN;0.1PT, 
0.8PM N;0.2PT,  and  0.72PMN:0.28PT.  The  depolarization  tem¬ 
perature  is  defined  as  the  temperature  of  the  maximum  of  the 
derivative  of  polarization  with  temperature. 


Also  shown  in  the  figure  is  the  induced  polarization  un¬ 
der  the  same  electric  field  at  Tmax-  Clearly,  the  rise  in 
the  electrostrictive  strain  S  from  0.9PMN:0.1PT  to 
0.72PMN:0.28PT  is  caused  by  both  the  increase  in  the 
electrostrictive  coefficients  Q  and  the  increase  in  the  in¬ 
duced  polarization  P  with  PT  {S=QP^)  the  latter  is  a 
result  of  a  smaller  Tn,ax‘“Td  at  higher  PT  content. 

3.3  Piezoelectric  response  in  the  electric  field  biased 
state 

Presented  in  Fig.  5  are  the  induced  piezoelectric 


Electric  Field  (kV/cm) 

Fig.  3.  The  electrostrictive  strain  for  0.9PMN:0. IPT, 
0.8PMN:0.2PT,  and  0.72PMN:0.28PT  at  temperatures  near 
The  measuring  frequency  is  1  Hz  and  the  maximum  electric  field  is 
10  kV/cm. 


coefficient  dzz  as  a  function  of  temperature  and  DC  bias 
field  measured  with  an  AC  field  amplitude  of  0.1  kV/ 
cm  at  1  kHz.  For  all  three  compositions,  dzz  increases 
and  reaches  a  maximum  with  increasing  DC  bias  field, 
after  that,  das  drops  as  the  DC  bias  field  is  further  in- 
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Fig.  4,  Thr  coiiipari.son  (if  tlu’  olt’ctrostrictivc  strains  and  polariza¬ 
tion  nicasun’d  at  1  Hz  with  lOkV/cni  electric  fiedd  for 
0.9PMK:(J.1PT.  ().SP.\1N:().2PT.  and  {).72PMN:0.28PT.  The 
black  dots  and  open  circles  are  th('  data  points  taken  at  tlnnr  res])ec- 
tive  for  the  three  ecjinpositions.  The  solid  lines  are  drawn  to 
guide  the  eye. 


creased.  This  is  expected  because  the  polarization  of 
the  materials  increases  inonotonically  with  DC  l)ias 
field  and  will  saturate  at  high  DC  bias  field  level,  while 
the  dielectric  constant  decreases  with  increasing  DC 
bias  field,  as  observed  here  and  also  in  other  investiga¬ 
tions.  It  is  the  combination  of  the  two  effects,  i.e., 
the  polarization  and  dielectric  permittivity,  that  deter¬ 
mines  how  the  induced  piezoelectric  response  behaves. 

For  0.9PMN:0.1PT  composition,  the  maximum  dxi 
in  the  induced  piezoelectric  state  occurs  at  35°,  a  tem¬ 
perature  in  between  T,„„,  and  Ta,  which  has  a  value 
about  1,3G0  pC/N.  Increasing  temperature  above 
causes  a  reduction  in  the  induced  dzz. 

The  piezoelectric  coefficient  ^33  for  0.8PMN:0.2PT 
in  the  field  induced  piezoelectric  state  is  higher  than 
those  of  0.9PMN:0.1PT  in  the  temperature  region 
near  their  respective  T„„ix,  as  would  be  expected  since 
Tn,ax-T’d  is  smaller  for  0.8PMN:0.2PT.  The  peak 
value  of  ^33  for  this  composition  reaches  1,820  pC/N, 
which  is  perhaps  the  highest  ^33  value  ever  obtained  in 
a  ceramic  material. 

However,  as  the  PT  content  increases  further,  the  in¬ 
duced  piezoelectric  coefficient  ^33  decreases  as  shown 
in  the  data  for  0.72PMN:0.28PT  even  though 
for  this  composition  is  further  reduced.  Plotted  in  Fig. 

6  are  a  comparison  of  the  maximum  induced  ^33  in  the 
three  compositions,  which  is  in  sharp  contrast  with  the 
data  presented  in  Fig.  4. 

Figure  7  shows  the  piezoelectric  dz3  coefficient  at  a 
fixed  DC  bias  field  as  a  function  of  temperature  for  the 
three  compositions.  The  slow  drop  of  dzz  at  the  low  tem¬ 
perature  side  of  the  r/33  vs.  temperature  curve  for 
0.72PMN:0.28PT  is  due  to  the  existence  of  the  mor- 
photropic  phase  boundary  which  increases  the  piezo¬ 
electric  response,  similar  to  the  enhanced  piezoelectric 
response  occurred  near  the  morphotropic  phase  bound¬ 
ary  in  PZT  piezoceramics. 

Figure  8  shows  the  induced  piezoelectric  dzz 
coefficient  as  a  function  of  the  driving  field  frequency 


DC  Bias  (kV/cm) 

Fig.  5.  TIh'  induccMl  r/:,.,  co('fFirioiit  at  1  kHz  as  a  function  of  DC  bias 
at  (lifr(‘r(‘nt  tcnipcratun's  for  0.9PMN:(J. IPT,  0.8PMN  0  2PT 
and  n.72PMN:0.28PT. 


for  0.8PMN:0.2PT  (curve  l)  measured  at  a  bias  field  of 
2.5  kV/cm  and  a  temperature  of  The  significant 
dispersion  of  piezoelectric  is  due  to  well  known  dielec¬ 
tric  dispersion  which  is  not  shown  in  Fig.  2.  At  low  fre¬ 
quencies,  the  induced  djs  for  this  composition  ap¬ 
proaches  2,000  pC/N.  For  the  comparison,  the  data  for 
0.9PMN-0.1PT  (curve  3),  which  were  taken  at  35 °C 
and  a  bias  field  of  3  kV/cm,  and  for  0.72PMN:0.28PT 
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PT  Content  in  PMN:PT 

Fig.  C.  The  maximum  electric  field  induced  ^33  fur  the  three  compo¬ 
sitions  investigated  (measured  at  1  kHz).  The  black  dots  arc  data 
points  and  solid  line  is  drawn  to  guide  the  eye. 


(curve  2),  which  were  measured  at  139  °C  and  a  bias 
field  of  2.5  kV/cm,  are  also  presented.  The  rise  of  ^33  at 
100  kHz  for  0.72PMN-0.28PT  is  due  to  the  piezo¬ 
electric  resonance  in  the  sample. 

The  increase  of  the  electric  field  induced  piezo¬ 
electric  activity  as  PT  content  increases  from  10%  to 
20%  is  consistent  with  a  smaller  Tmax“Td  favoring  a 
large  induced  piezoelectric  activity.  However,  the  drop 
in  the  induced  piezoelectricity  observed  for  PMN:PT 
at  28%  PT  content  indicates  that  at  higher  PT  con¬ 
tent,  the  increased  normal  ferroelectric  behavior  in  the 
material  plays  an  important  role  in  determining  the  in¬ 
duced  piezoelectric  response  in  the  field  induced  state. 
To  verify  that,  the  driving  field  dependence  of  the  di¬ 
electric  response  was  measured  for  0.9PMN:0.1PT  and 
0.72PMN:0.28PT  at  their  respective  T^ax  and  the 
results  are  presented  in  Fig.  9.  Apparently,  as  the 
material  approaches  normal  ferroelectric,  the  micro¬ 
hysteresis  increases,  which  does  not  affect  the  electro- 
strictive  strain  at  high  driving  field  level  but  will  affect 
the  weak  field  material  response  behavior.  Due  to  the 
increased  probability  of  formation  of  macropolar 
domains  at  high  DC  bias  fields,  the  reduction  of  the 
weak  signal  dielectric  constant  with  DC  bias  field 
becomes  more  severe  at  high  PT  content,  which  results 
in  a  smaller  ^33,  as  shown  by  eq.  (l). 

4.  Summary 

Exceptionally  high  piezoelectric  response  in  the  field 
induced  state  was  observed  in  PMN:PT  relaxor  ferro- 
electrics.  The  maximum  ^33  observed  here  is  1820  pC/ 
N  at  a  frequency  of  1  kHz  for  0.8PMN:0.2PT  composi¬ 
tion,  which  is  far  above  any  piezoelectric  dzz  coefficient 
reported  in  any  ceramic  materials  hitherto.  The  results 
here  show  that  the  induced  piezoelectricity  strongly  de¬ 
pends  on  the  operation  temperature  and  frequency. 
Although  the  temperature  difference  Tmax^'Td 
decreases  with  increased  PT  content,  which  should 
favor  a  large  induced  piezoelectricity  at  temperatures 


TemperatureC^C) 

Fig.  7.  The  field  induced  f/33  coefficient  at  1  kHz  and  a  fixed  DC  bias 
as  a  function  of  temperature  for  0.9PMN:0.9PT,  0.8PMN:0.2PT, 
and  0.72PMN:0.28PT.  The  black  dots  are  the  data  points  and 
solid  lines  arc  drawn  to  guide  the  eye. 


near  Tmax  for  PMN:PT  with  high  PT  content,  the  grad¬ 
ual  evolution  towards  normal  ferroelectric  behavior  at 
high  PT  content  will  cause  reductions  in  the  field  in¬ 
duced  piezoelectricity  due  to  increased  amount  of 
macro-domains  at  field  biased  states.  As  a  result,  the 
highest  induced  piezoelectricity  occurs  at  a  composi¬ 
tion  between  the  two  ends  and  the  data  suggest  that  for 
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Fig.  8.  The  field  induced  ^33  coefficient  for  the  three  compositions 
as  a  function  of  AC  field  frequency.  For  0.8PMN:0.2PT  (curve  l), 
the  data  were  taken  at  79 '*0  and  2.5  kV/cm,  for  0.9PMN:0.1PT 
(curve  3),  it  was  at  35 and  3  kV/cm,  and  for  0.72PMN:0.28PT 
(curve  2),  it  was  at  139®C  and  2.5  kV/cm.  The  black  dots  are  the 
data  points  and  solid  lines  are  drawn  to  guide  the  eye. 


Fig.  9.  The  driving  field  amplitude  dependence  of  the  dielectric 
response  for  0.9PMN:0.1PT  and  0.72PMN:0.28PT  measured  at 
their  respective  The  data  are  plotted  in  the  reduced  unit 

where  £:„ak  is  the  dielectric  permittivity  measured  at  weak  field 
(lOV/cm).  There  is  a  considerable  increase  in  the  dielectric 
response  for  0.72PMN:0.28PT  as  the  driving  field  amplitude  in¬ 
creases  in  comparison  with  0.9PMN:0.1PT.  The  black  dots  are  the 
data  points  and  solid  lines  are  drawn  to  guide  the  eye. 
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PMN:PT,  it  is  at  a  composition  near  20%  PT.  On  the 
other  hand,  the  electrostrictive  strain  under  high  elec- 
trie  driving  field  (lO  kV/cm)  exhibits  a  steady  increase 
with  PT  content,  reflecting  the  steady  increase  of 
the  electrostrictive  coefficients  and  the  reduction  of 
Tmtx~Ti  as  the  PT  content  increases. 
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Piezoelectric  Properties  of  Fine  Grain  PZT  Materials 
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Abstract;  The  piezoelectric  properties  of  PZT  materials  were 
experimentally  studied  as  a  function  of  grain  size  (0.2  to  2.5  pm)  at 
low  frequencies  (<  20  MHz)  and  vs.  frequency  (10  to  100  MHz)  for 
a  single  fijie  grain  size  (1 .0  pm).  The  piezoelectric  properties  were 
shown  to  decrease  wilJi  decreasing  grain  size  below'  0.7  pm.  The 
fine  grain  size  properties  vs.  frequency  were  compared  to 
commercially  available  materials.  The  new  fine  grain  materials 
w'ere  found  to  be  superior  to  commercial  materials  at  very  high 
frequencies.  Also,  it  w'as  possible  to  construct  resonators  of  the  new 
ceramics  at  much  higher  frequencies  than  was  possible  for  the 
conventional  materials. 

Introduction 

properties  of  a  transducer  material  play  a  vital  role  in 
determining  the  overall  performance  of  an  ultrasonic  imaging 
system.  Piezoelectric  ceramic  materials  are  used  in  a  wide  range  of 
ultrasonic  imaging  applications.  Multi-element  arrays  are  generally 
used  in  the  5  to  10  MHz  range,  owing  to  good  resolution  with 
adequate  penetration  for  general  imaging  which  is  achievable  in  this 
frequency  range  [1,2].  Higher  frequency  devices  for  specialized 
applications,  where  increased  resolution  is  necessary'  and  where  the 
transducer  can  be  placed  very  close  to  the  region  being  imaged,  have 
been  introduced  [3,4]  These  devices  are  based  on  existing 
commercially  available  piezoelectric  ceramics  whose  properties  have 
been  shown  to  decrease  sigmficantly'  with  increasing  frequency  [5]. 

Current  commercially  available  materials  have  an  average 
grain  size  t>pically  from  3  to  5  pm..  Work  by  Arlt  [6]  lias  shown 
that  at  very  high  frequencies  (>  100  MHz)  a  domain  relaxation 
phenomenon  leads  to  a  decrease  in  piezoelectric  properties  and  an 
increase  in  loss.  He  postulates  tliat  a  similar  eficct  due  to  the 
resonarice  of  individual  grains  will  influence  the  piezoelectric 
properties  at  much  lower  frequencies.  The  current  work  explores 
new'  materials  wiiich  have  been  designed  to  liave  a  microstructure 
whose  average  ^ain  size  (AGS)  is  smaller  than  1.0  pm.  Reducing 
the  average  grain  size  should  push  the  domain  relaxation  and  grain 
resonance  effects  to  a  higher  frequency,  resulting  in  improved  high 
frequency  piezoelectric  properties  and  ultimately  better  images  from 
systems  wiiich  use  the  new  materials. 

In  addition  to  material  property  considerations  fine  grain 
materials  may  provide  an  advantage  in  terms  of  manufacturability. 
The  smaller  ^ain  size  leads  to  an  increased  number  of  grains 
through  the  ^ckness  of  the  material,  perhaps  leading  to  increased 
mechanical  integrity  of'Uie  ceramic,  particularly  for  transducers 
operating  at  frequencies  greater  than  50  MHz  where  conventional 
materials  provide  few  grains  across  the  thickness  of  llie  material. 


Experimental  Technique 

Sample  preparation 

The  effect  of  grain  size  on  piezoelectric  properties  has 
been  studied  previously  by  Kim  [7]  w'here  samples  were  prepared 
with  grain  sizes  from  0.2  to  2.5  pm.  Kim  found  that  there  w'as  only 
a  slight  decrease  in  tlie  piezoelectric  constant,  dsa,  and  the  low 
frequency  dielectric  constant,  833“^,  until  the  grain  size  w'as  less  than 
about  0.7  pm;  below'  this  grain  size  the  properties  decreased 
considerably. 

Thin  plate  samples  of  materials  w'ith  grain  sizes  of  0.2,  0.8 
and  2.5  pm  were  fabricated  based  on  the  work  of  Kim  w'ith 
thickness  resonance  frequencies  less  than  15  MHz.  Based  on  these 
measurements  the  material  with  the  best  compromise  between 
properties  and  grain  size  was  chosen  for  analysis  at  high 
frequencies.  For  comparison  purposes  tw'o  commercial  PZT5  t>pe 
materials  w'ere  also  processed  and  tested  at  higli  frequency  using  the 
same  method. 

Samples  w'ere  prepared  by  lapping  of  1  cm  diameter  disks 
with  an  initial  thickness  of  approximately  300  pm.  Initial  lapping 
utilized  12.5  pm  AI2O3  pow'der  suspended  in  a  distilled  w'ater 
medium.  Final  lapping  was  done  with  5.0  pm  AI2O3  to  give 
thickness  resonators  covering  the  range  from  10  to  100  MHz. 
Samples  prepared  with  a  0.03  pm  final  polish  show'ed  similar 
properties  as  those  finished  Avith  tlie  coarser  powder  so  all  samples 
W'ere  finished  w’ith  the  5.0  pm  powder. 

After  lapping  to  the  desired  tliickness  the  disks  were 
ultrasonically  cleaned  in  acetone.  A  gold  electrode  w'as  sputter 
deposited.  The  disks  were  then  cut  into  squares  so  that  the  aspect 
ratio  was  between  20  and  40.  This  ensured  that  any  lateral 
resonance  would  not  interfere  w'itli  the  fundamental  thickness  mode. 
All  samples,  including  the  conventional  materials,  were  then  poled 
in  a  fluorinert  bath  at  60  degrees  C  for  four  minutes  at  an  electric 
field  of  40  kV/cm.  The  samples  were  allow'ed  to  age  more  than  24 
hours  before  testing. 

Piezoelectric  property  measurement 

Tlie  piezoelectric  properties  of  the  samples  w'ere  measured 
using  the  resonance  method  [8].  The  properties  of  interest  w'ere:  the 
thickness  frequency  constant,  Nf;  the  thickness  coupling  coefficient, 
kt,  and  the  free  dielectric  constant,  833^.  The  mechanical  losses 
w'ithin  the  material  w'ere  expressed  as  a  mechanical  quality  factor, 
Qm  where  a  low  Qm  corresponds  to  a  high  mechanical  loss.  The 
method  of  Ih  and  Lee  [9]  w'as  used  to  calculate  mechanical  losses. 


Magnitude  (ohms) 


TOs  method  was  chosen  in  favor  of  the  EEE  standard  method 
b^use  of  the  mor  found  in  measuring  the  minimum 
This  error  \v;^  introduced  by  the  resistance  and  inductanr .  of  the 
electrode  which  appeared  in  series  with  the  imiwtanr>.  of  the 
piezMlectric  material.  This  effect  was  prominent  because  of  the 
high  frequencies  where  the  measurements  were  performed, 

properties  described  above  were  calculated  from 

electncal  impedance  measurements  of  a  thin  thickness  resonator  of 
^wn  dimensions.  The  impedance  xvas  measured  with  an 
riT4lV4A  unpedance  anal}7er  equipped  with  an  HP41941B 
impedance  probe  adapter.  The  probe  adapter,  which  allows 
mei^ments  up  to  100  MHz,  was  connected  to  a  sample  holder 
designed  to  not  mechanically  load  small  thin  samples.  The 
imj^nce  analyzer  was  connected  to  a  PC  m  a  GPB  bus  Hus 

enabled  the  impedance  measurements  to  be  downloaded  for  ease  of 
analysis. 

nm  measurements  were  verified  using  the  KLM  model 

[10]  with  the  addition  of  a  mechanical  loss  term  in  the  acoustic 
Unnsimssion  lines.  The  calculated  piezoelectric  parameters  were 
input  mto  fte  modified  KLM  model  to  yield  a  simulated  electrical 
input  impedance  which  could  be  compared  with  the  measured 
impedance  to  ensure  the  accuracj-  of  the  measured  properties.  Good 
agr^ent  between  the  measured  and  simulated  impedance 
confirmed  that  the  measured  piezoelectric  parameters  were  accurate 
as  shown  m  figure  1  for  the  fine-grained  PZT  for  both  low  and  high 
resonance  frequencies.  ^ 

e.\perimental  Results 

Properties  vs.  Grain  Size 

The  low  frequency  (<  20  MHz)  properties  of  the  samples 
were  tested  for  grain  sizes  of  0.2,  0.8  and  2.5  pm.  Measurements 
shown  m  fi^  2  confirmed  that  both  the  electromechanical 
couplmg  coefficient,  kt,  and  the  relative  free  dielectric  constant, 

633 ,  maintained  thair  values  until  grain  size  was  below  0.8  pm 
Based  on  the^  results  a  material  mth  a  1.0  pm  grain  size  was 
chosen  for  analysis  at  high  frequencies. 


The  microstructure  of  the  new  fine-grained  material 
(PZTfg)  as  well  as  that  of  two  commercially  available  materials  of  a 
similar  composition  (PZTi  and  PZTz)  was  analyzed  using  a  scanning 
electron  microscope  (SEM).  The  results  of  the  microstructure 
analysis  are  shown  in  figure  3.  It  is  evident  from  the  photos  that  the 
two  commercial  materials  exhibit  a  grain  size  which  is  much  larger 
than  1  pm,  with  PZTi  having  a  slightly  smaller  AGS  relative  to 
PZTz.  Although  the  SEM  photo  of  PZTfo  is  at  a  slighUy  lower 
magnification  than  that  of  the  two  corrunercial  materials,  it  is  clearly 
e\ident  that  the  PZTfg  has  a  much  smaller  AGS  than  either  of  the 
other  two  materials. 

Properties  vs.  Frequency 

The  free  dielectric  constant,  833^,  was  found  to  be 
essentially  independent  of  frequency  for  all  of  the  samples.  This 
ensured  that  the  samples  were  prepared  without  forming  a  large 
disturbed  grain  layer  on  the  faces,  as  this  would  have  been  caused  a 
marked  decrease  in  the  measured  dielectric.  Thus  the  ^nriation  of 
any  other  properties  with  frequency  can  be  assumed  to  be  due  to  the 
material  itself  rather  than  inadequate  sample  preparatioa 


figure  2)  piezoelectric  properties  vs.  grain  size 


figure  1)  companson  of  measured  (solid  line)  and  modeled  (dotted  line)  impedance  magnitude  and  phase  for  fine-grained  PZT 
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figure  3)  SEM  photos  of  a)  PZTl,  b)  PZT2,  c)  fine-grained  PZT 


The  piezoelectric  properties  of  the  various  materials  are 
shown  vs.  frequency  in  figure  4.  Each  point  on  the  graph  represents 
the  average  of  up  to  three  samples.  It  is  important  to  note  that  for 
both  commercial  materials  it  was  not  possible  to  lap  the  disks  to  a 
thickness  corresponding  to  a  resonance  above  80  MHz.  For  the 
PZTl  material  the  samples  were  too  britUe  and  crumbled  upon 
hand^.  Disks  were  lapped  thin  enough  from  the  RZTz  material 
but  they  would  not  pole.  Upon  examination  under  an  optical 
microscope  it  tvas  found  that  tiny  holes  had  fonned  through  the  disk 
Owmg  to  the  relatively  large  grain  size  of  the  PZTz  material,  grain 
pullout  during  lappmg  resulted  in  regions  where  upon  sputtering 
there  was  a  conductive  path  connecting  the  electrodes.  This  effect 
was  not  observed  in  the  fine  grain  samples. 

From  figure  4a  it  is  evident  that  the  fi'equency  constant, 
Nt,  of  the  materials  does  not  change  appreciably  as  resonance 
frequOTcj-  mcreases.  Figure  4b  shotvs  that  kt  significanUy  decreases 
with  frequency  for  the  PZTi  material.  This  parallels  the  results 


reported  by  Foster  f5].  The  fine-grained  material  was  found  to  be  as 
good  as  or  slighUy  better  than  the  PZT:  material  at  the  lower 
freqiracies,  but  at  the  higher  frequencies  the  decrease  in  properties 
was  less  severe.  The  PZTz  material  exhibited  a  slightly  larger  kt 
over  the  frequency  range  where  resonators  were  fabricated  using  this 
matmal.  However,  resonators  greater  than  60  MHz.could  not  be 
produced  and  there  is  likely  a  decrease  in  kt  at  higher 'frequencies. 

frequency  dependence  of  Qm  for  the  three  ^s  of 
PZT  IS  shown  in  figure  4c.  Here  the  change  in  Qm  vs.  frequenct' 
was  found  to  be  much  steeper  for  the  commercial  materials  than  for 
me  fine-grained  material.  The  PZTFG  material  has  a  higher  Qm 
than  the  PZTz  material  at  aU  measured  frequencies.  Even  though 
the  PZTl  material  has  a  higher  Qm  at  low  frequencies,  it’s  steeper 
slope  causes  the  PZTfg  material  to  have  a  higher  Qm  at  frequencies 
greater  than  70  MHz.  ^ 


figure  4)  Piezoelectric  properties  vs.  resonance  frequency 
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SUMM.ARY  AND  CONCLUSIONS 

delate  fte  piezoelectnc  properties  of  fine-grained  PZT.  No 
a^fiCMt  d^^se  m  properties  was  observed  until  grain  size  faUs 
Wow  about  0.7  pm.  A  fine-grained  material  with  an  A'  -5  about 
1.0  pm  was  confirmed  to  be  significantly  finer  than  commercially 
available  materials,  which  exhibited  an  AGS  of  3  to  5  pm 

High  frequency  properties  of  the  fine-grained  and 
ZSt!!  examined  by  preparing  resonators  of  the 

•«nu‘ations  of  commercially  available 
to  ^’eeame  apparent  during  processing,  as  it  was  not  possible 
to  prepare  resonators  greater  than  80  MHz  for  the  PZTl  rmterial 
and  60  MHz  for  the  PZT2  material.  The  fine-^^  mSf 
howevCT,  dlow-ed  the  preparation  of  plate  thickness  as  thin  as  15 
jm,^ch  corresponds  to  a  thickness  resonance  of  155  MHz. 
Unfortunately  the  properties  could  not  be  measured  at  thS 
fi-equencies  due  to  limitations  of  the  testing  equipment 

Meawments  up  to  100  MHz  showed  improved 
^ormmre  of  the  fine-grained  material  at  very  high  frequencies 
combed  to  larger-grained  material.  The  chanyin  Wh  Irtlmd  Qm 

vs.  frequency-  was  lowest  for  the  PZTFG  mterial  The  PzS 
rS  frequencies  and 

lofqi  “““="«»>• 

Hie  use  of  lie* 

ultra  w  u  ^  ultimately  lead  to  improved  image  quality  for 
ultra-high  resolution  ultrasonic  imaging  s>'stems. 
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Pb(Zr,Ti)03  [PZT]  Fibers— Fabrication 
and  Measurement  Methods 
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ABSTRACT:  Fine  scale  lead  zirconate  titanate  (PZT)  and  niobium  substituted  PZT  (Nb-PZT) 
piezoelectric  fibers  were  fabricated  from  sol-gel  processed  viscous  “sol”  using  the  “spinning”  meth¬ 
odology  developed  for  the  continuous  production  of  glass  fibers.  Subsequent  drying  and  firing  at 
above  750°C  gave  pure  perovskite  PZT  and  Nb-PZT  fibers  of  30  fim  in  average  diameter.  Further 
densification  and  grain  growth  were  evident  for  fibers  fired  at  1250®C,  Experimental  methods  for 
the  determination  of  dielectric  and  polarization  properties  were  develof)ed  to  overcome  inherent 
electric  field  difficulty  relevant  to  fine  scale  fibers.  The  method  to  polarize  fibers  in  a  continuous 
manner  was  also  demonstrated  using  120  /im  diameter  extruded  PZT  fiber.  The  dielectric  constant 
and  polarization  hysteresis  values  of  the  sol-gel  derived  fine  fibers  were  comparable  with  that  of  bulk 
ceramics.  Preliminary  single  fiber  mechanical  pull  tests  indicated  that  the  tensile  strength  of  30  ^m 
diameter  PZT  fibers  were  similar  to  that  of  bulk  ceramics,  being  in  the  range  of  35-55  MPa. 


INTRODUCTION 

Lead  zirconate  titanate  (PZT)  piezoelectric  ceramics’ 
ability  to  efficiently  convert  electrical  energy  to  me¬ 
chanical  and  vice  versa  has  made  them  attractive  for  both 
actuators  and  sensors  in  active  control  systems  (Crawley  and 
deLuis,  1987).  This  reversible  transformation  ability  also 
makes  piezoceramics  viable  candidates  for  passive  vibration 
damping  (Ramachandran  et  al.,  1991;  Hagood  and  von  Flo- 
tow,  1991).  For  structural  materials  comprised  of  various 
fibers,  i.e.,  glass  and  carbon,  the  incorporation 
of  piezoelectric  fibers  is,  therefore,  inherently  desired 
(Yoshikawa,  1992). 

Previously,  the  fabrication  of  PZT  fibers  and/or  rods  has 
been  driven  by  the  need  for  high  performance  hydrophones 
(Klicker  et  al.,  1981)  and  ultrasonic  transducers  (Gururaja  et 
al.,  1981).  In  such  cases,  PZT  fibers/rods  are  fabricated 
simply  by  the  dicing  of  bulk  ceramics  (Takeuchi  and 
Nakaya,  1986),  being  limited  to  simple  geometries  on  the 
order  of  a  few  millimeters  in  length  and  ^  100  fim  in  cross 
section.  Extrusion,  the  process  by  which  a  plasticized 
ceramic  mass  is  passed  through  a  die  or  orifice,  provides  the 
ability  to  fabricate  meter  length  fibers  with  various  cross- 
sectional  geometries;  however,  they  are  again  limited  to  di¬ 
ameters  of  100  ^m  (Park,  1991).  For  fibers  with  diameters 
less  than  100  ;im,  non-conventional  methods  have  been 
employed,  including  the  impregnation  of  host  fibers  with  a 
precursor  solution  (Waller  et  al.,  1990)  and  hand  drawing 
from  a  viscous  sol  (Seth,  1990;  Chen  et  al.,  1991;  Selvaraj 
et  al.,  1992).  Single  strand  fibers  fabricated  thus  far  have 
been  limited  to  lengths  of  a  few  centimeters,  being  for  dem¬ 
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onstration  purposes  only.  No  methods  to  polarize  these  free¬ 
standing  fine  fibers  in  longitudinal  direction  continuously 
have  been  established.  PZT  fibers  are  NOT  “piezoelectric” 
unless  electrically  polarized  (the  term  “poled”  is  commonly 
employed).  Furthermore,  little  information  regarding  elec¬ 
trical  and  mechanical  properties  has  yet  to  be  reported. 

It  was  the  objective  of  this  work  to  fabricate  fine-scale 
PZT  fibers  using  a  “spinning”  methodology  developed  for 
the  continuous  production  of  carbon  and/or  glass  fibers.  A 
further  objective  was  to  determine  the  electrical  and 
mechanical  properties  of  individual  fibers  prepared  above. 

EXPERIMENTAL  PROCEDURE 
PZT  Fiber  Fabrication 

The  advantages  of  sol-gel  processing  in  the  fabrication  of 
ferroelectric  thin  films,  i.e.,  compositional  control,  low- 
temperature  densification  and  overall  simplicity,  make  it  the 
ideal  methodology  for  the  fabrication  of  fine-scale  fibers.  In 
the  sol-gel  process,  a  non-aqueous  solution  of  precursors, 
generally  alkoxides,  is  prepared  with  the  metal  cations  in 
the  desired  stoichiometry,  followed  by  controlled  hydrolysis 
to  form  a  “sol”  and,  subsequently,  dried  into  a  final  gel-like 
structure. 

The  fabrication  of  PZT  fibers  in  this  work  is  outlined  in 
Figure  1.  As  presented,  two  sources  of  the  lead  cation,  lead 
(II)  acetate  trihydrate  [Pb(CH3C00)2:3H20]‘  and  lead  (II) 
pentanedionate  (lead  acetylacetonate)  [Pb(C5H702)2]^  were 
used,  the  first  having  been  initially  employed  (Selvaraj  et 
al.,  1992),  and  the  latter  proposed  to  give  a  more  stable  PZT 
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Acetnte  Prorp<!< 


AcAc  Prnrp.;.; 


%wre  1.  Scheme  for  the  preparation  of  Pb(Zr,Ti)0,  fibers  usina 
^ad  acetate  tnhydrate  (Acetate  process)  and  lead  acetylacetonate 
(AcAc  process)  as  a  lead  source. 


precursor  solution  (Selvaraj  et  al.,  1993).  Fbr  convenience, 
amples  produced  using  lead  acetylacetonate  are  designated 
AcAc  processed ,  and  those  using  lead  acetate  trihydrate 
“Acetate  processed”.  Based  on  the  work  Blum  and 
Gurkovich  (1985)  and  later  by  Budd,  Day,  and  Payne 
(1985).  zirconium  n-butoxide  [Zr(OBu>.,]‘  (80%  solution  in 
i-butanol)  and  titanium  isoproxide  [Ti(OPr04]'  were  used 
as  the  zirconium  and  titanium  sources,  respectively.  For 
niobium  modified  PZT,  niobium  ethoxide  [Nb(OCjHs)5]^ 
was  added  during  die  addition  of  the  titanium  precursor 
stage.  Stoichiometric  quantities  of  each  chemical  were 
weighed  out  in  accordance  with  the  PZT  formulations 
Pb(Zro4.Tio  52)03  and  Pbo.,„(Tio.4«Zr„.52)o.,«Nbo2403,  as 
reported  in  Jaffe,  Cook,  and  Jaffe  (1971). 

A  solution  of  0.1  ml  of  water  and  5  ml  of  2-methoxyeth- 
anol  was  added  to  the  various  PZT  precursors  (0.02  M)  con¬ 
fining  0.1  ml  cone.  HNO3  to  ensure  condensation  and 
t^drolysis  reactions.  The  solution  was  concentrated  by  stir- 
ting  at  ~  120“C  and  then  cooled  to  --40°C  to  form  a  vis¬ 
cous  resin.  The  spinnability  of  the  sol  was  empirically  de¬ 
termined  dipping  a  glass  rod  into  the  viscous  medium 
and  pulling  up  to  draw  a  fiber.  A  systematic  rheological 
study  is  underw^  to  determine  the  optimum  viscosity  range 
for  fiber  drawing. 

The  precursor  solution  was  transferred  to  a  vessel  consist¬ 
ing  of  a  spinneret  and  a  plunger  as  shown  schematically  in 
i^ure  2(a)  (Hayes,  1989).  Fibers  were  extruded  through  the 


spinneret  with  twelve  100  /tm  diameter  holes  at  —7  kPa  of 
pressure.  The  spun-drawn  fibers  were  collected  on  a  rota¬ 
tion  drum  with  a  variable  speed  control,  as  described  in 
Figure  2(b).  Factors  involved  in  controlling  the  diameter  of 
the  fibers  are:  (1)  viscosity  of  the  sol,  i.e. ,  control  of  hydro¬ 
lysis  and  condensation  reaction,  (2)  spinneret  diameter,  and 
(3)  speed  of  the  take-up  drum. 

Fibers  with  diameters  ranging  from  10  to  80  /xm  were  fab¬ 
ricated.  The  fibers  were  dried  at  room  temperature  for  ap¬ 
proximately  12  hours,  cut  into  lengths  of  -  10  cm  and  fired 
at  temperatures  from  750°C  to  1250®C  for  10  minutes.  A 
heating  rate  of  -  1  °C/min  was  used  to  allow  the  decomposi¬ 
tion  of  organics  being  in  the  order  of  10  to  15  wt%  after  sol¬ 
vent  evaporation,  which  was  previously  determined  by  ther- 
mogravimetric  analysis  (TGA)  (Selvaraj  et  al.,  1992).  For 
samples  fired  at  temperatures  >  1200X,  a  lead  atmosphere 
was  erwted  to  minimize  lead  loss.  The  sintering  condition 
of  750®C  for  10  minutes  was  chosen  based  on  a  previous 
study  (Selvaraj  et  al.,  1992)  which  was  high  enough  to  en¬ 
able  the  formation  of  the  desired  perovskite  structure,  yet 
low  enough  to  fire  in  open  air  without  lead  loss.  This  may 
be  an  important  factor  in  the  future  when  continuous  fiber 
spinning  and  subsequent  firing  are  desired.  Firing  tempera¬ 
tures  at  1250 ®C  were  used  to  examine  densification  behavior 
and  grain  growth,  being  similar  to  that  used  for  convention¬ 
ally  processed  PZT  ceramics. 

Fiber  poling  experiment  was  performed  by  using  extruded 
PZT-5H  fiber  (120  fim  in  diameter)  obtained  from  CeraNova 
Corp.  for  the  ease  of  handling.  Figure  3  describes  the  ap¬ 
paratus  for  fiber  poling  in  which  PZT  fiber  is  threaded 
through  two  small  holes  (0.45  mm  diameter),  one  hole  in  a 
large  metal  plate  (25  cm  square),  the  other  in  a  large  metal 
sphere  (10  cm  diameter),  2  to  4  cm  apart.  The  plate  is  at 
ground  potential,  the  sphere  is  gradually  raised  to  a  suffi¬ 
cient  voltage  to  significantly  exceed  the  coercive  field  of  the 


Figure  2,  Fiber  spinning  apparatus.  Schematic  drawing  of  vessel 
and  spinneret  (a),  and  overview  of  the  apparatus  (b). 
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Figure  3.  Fiber  poling  apparatus. 


PZT.  The  high  voltage  side  is  a  sphere  in  order  to  reduce  the 
breakdown  and  corona  effects  that  exist  at  the  edge  of  a 
plate.  In  the  static  field  case,  the  electric  field  in  and  around 
the  fiber  is  nearly  uniform. 

We  have  assumed  that  the  charge  accumulated  in  a  ring 
that  the  fiber  was  threaded  through  was  dissipated  by  one  of 
the  following: 

1 .  Corona  formation  from  the  surface  of  the  sample  to  the 
circumference  of  the  hole 

2.  Air  breakdown  in  the  same  way  a  corona  could  be 
caused 

3.  Conduction  through  the  fiber  if  the  fiber  is  physically 
touching  the  circumference  of  the  hole 

4.  Surface  conduction 

Characterization 

Crystallinity  and  phase  analysis  of  the  fibers  as  a  function 
of  thermal  treatment  were  determined  using  x-ray  diffrac¬ 
tion  (XRD)  analysis.^  The  microstructure,  i.e.,  grain  size 
and  degree  of  porosity,  and  diameter  of  the  fibers  were  ex¬ 
amined  using  scanning  electron  microscopy  (SEM).**  En¬ 
ergy  dispersive  spectroscopy  (EDS)®  was  used  to  semi- 
quantitatively  determine  Zr:Ti  and  Pb:(Zr,Ti)  ratios. 

The  room  temperature  dielectric  properties  (AT  @10 
KHz)  of  sintered  fibers  were  determined  from  capacitance 
measurements  using  a  LCR  meter  and  the  holder  presented 
in  Figure  4.  An  external  amplifier/divider  circuit  was 
employed  to  improve  the  sensitivity  of  the  LCR  meter®  by  a 
factor  of  100  by  increasing  the  applied  signal  to  -  150  Vrms> 
A  small  amount  of  air-dry  silver  was  applied  to  both  ends  of 
the  fiber  to  ensure  electrical  contact.  Fibers  1  to  2  cm  and 
20  to  30  ^m  in  diameter  in  length  were  used.  Because  of  the 
extreme  geometry  of  these  fibers,  thus  the  very  small  capac¬ 
itance  of  often  less  than  0.5  fF,  very  special  care  had  to  be 

^Modcl  DMC  105,  Scintag  diffractometer,  Sunnyvale,  CA. 

^Modcl  DS-130,  International  Scientific  Instruments,  Inc.,  Santa  Clara,  CA. 

*EMAX  8000  Scries,  Horiba  Instruments.  Inc.,  Irvine,  CA. 

••Model  4274  LCR  meter,  Hewlett  Packard,  ftilo  Alto.  CA. 


taken  to  control  the  uniformity  of  the  electric  field  within 
the  three  terminal  parallel  plate  fixture.  Because  the  capaci¬ 
tance  to  free  space  of  even  a  short  segment  (under  20  pm)  of 
fiber  along  its  length  can  be  greater  than  the  end-to-end 
capacitance,  it  is  critical  that  permittivity,  as  well  as  later 
described  hysteresis  measurements,  be  made  in  an  environ¬ 
ment  with  a  controlled  and,  in  this  case,  uniform  electric 
field  to  avoid  “shorting  out”  the  measurement  signal  through 
an  inadvertent  T-network  to  ground.  This  is  distinctly 
different  from  bulk  or  thin  film  measurements  but  is  a  cru¬ 
cial  consideration  in  fiber  measurements.  Measurements 
were  first  made  with  the  fiber  in  place,  then  removed,  and 
the  difference  was  used  as  the  sample’s  capacitance.  This 
process  corrected  for  the  contribution  to  the  measured  value 
from  both  stray  capacitance  and  direct  (air  gap)  capacitance. 
The  diameter  of  the  guard  electrode  ( —  5  cm)  was  chosen  to 
ensure  a  uniform  field  in  the  neighborhood  of  the  sample 
even  with  the  fibers  --2  cm  in  length.  The  size  of  the  active 
low  electrode  in  the  fixture  (0.5  mm  in  diameter)  was  calcu¬ 
lated  so  that  its  contribution  to  the  total  capacitance  would 
be  no  greater  than  that  of  even  the  smallest  diameter  fiber. 

The  ferroelectric  nature  of  the  fibers  was  confirmed 
through  polarization  electric  field  (P-E)  measurements  with 
fibers  only  —3  mm  long,  owing  to  voltage  limitation  of  the 


Guarded  Electrode 


Unguarded  Electrode 
{  High  Potential) 


Figure  4.  Fixture  for  fiber  permittivity  and  polarization  measure- 
ments  (a),  and  section  view  of  electrode  configuration  (b). 
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power  supply/  i.e.,  10  kV.  A  specially-built  automated 
system  was  used  which  applies  the  excitation  field  and  col¬ 
lects  the  charge  while  maintaining  a  virtual-ground  state 
similar  to  a  classical  Sawyer-Tower  measurement  but  the 
charge  is  collected  by  active  circuitry  rather  than  a  passive 
capacitor.  This  holds  the  low  side  of  the  measurement  cir¬ 
cuit  to  within  a  few  millivolts  of  ground,  which  is  necessary 
to  control  the  shape  of  the  electric  field  for  the  same  reason 
as  in  the  permittivity  measurement.  To  avoid  electrical 
breakdown,  the  entire  fixture  was  immersed  in  a  fluorocar¬ 
bon  fluid.®  Fields  of  >  3  MV/m,  typically  at  a  frequency  of 
10  Hz,  were  used. 

The  degree  of  poling  after  the  poling  experiment  de¬ 
scribed  in  the  previous  section  was  measured  by  observing 
the  shift  of  the  first  P-E  hysteresis  loop. 

To  contrast  both  the  physical  and  electrical  characteristics 
of  the  fibers,  disks  ( -  1  cm  in  diameter)  were  prepared  from 
gel-powders  derived  from  the  same  sols  used  to  draw  fibers. 
Upon  pressing  and  binder’  burnout,  the  disks  were  den- 
sified  over  a  temperature  range  from  lOOO’C  to  WOO’C  and 
characterized  above.  In  addition  to  dielectric  and  polariza¬ 
tion  hysteresis,  fully  densified  samples  were  poled  at  120  “C 
with  an  electric  field  of  25  kV/cm.  The  level  of  poling  was 
determined  using  a  Berlincourt  piezo  djj  meter The 

samples  were  allowed  to  age  ~24  hours  prior  to  measure- 
ment. 

In  addition  to  chemical  and  electrical  characterization 
the  mechanical  integrity  of  the  PZT  fibers  was  also  in¬ 
vestigated.  The  tensile  strength  was  determined  for  selected 
fibers  at  the  Nagasaki  University  of  Japan,  using  a  technique 
described  by  Iwanaga  et  al.  (1992).  Specimens  1  to  2  mm  in 
length,  diameter  range  between  26  to  36  fon,  were  glued  to 
carbon  fiber  and  the  direct  tensile  strength  was  measured 
with  a  load  range  of  1  to  10  g. 


RESULTS  AND  DISCUSSION 
Microstructural  Analysis 

Optical  photographs  of  as-spun  and  fired  fibers  (@ 
750  C)  are  shown  in  Figures  5(a)  and  (b),  respectively.  A 
representative  XRD  spectra  of  AcAc  processed  PZT  fibers 
fired  at  750®C  and  1250°C  are  presented  in  Figure  6,  both 
revealing  the  presence  of  a  well-crystallized  perovskite 
phase.  Figure  7  presents  SEM  micrographs  of  Acetate  pro¬ 
cessed  PZT,  fired  at  (a)  750°C,  (b)  1250°C,  and  (c)  Nb-PZT 
red  at  1250®C.  As  presented,  the  diameters  of  the  fibers 
were  in  the  range  of  20  to  50  ^m,  showing  little  evidence  of 
porosity  on  the  surface  of  the  fiber.  The  Acetate  and  AcAc 
(not  shown  in  the  figures)  processed  fibers  fired  at  750°C 
were  found  to  possess  similar  microstructures.  SEM  ex- 


’High  voltage  Power  Supply.  Model  6I0A.  Trek  Incoip.. 
Fluorinert  FC-40.  3M  Corp.,  Si.  ftiul,  MN. 

’Pdlyvinyl  Alcohol  binder  (PVA). 


Medina.  NY. 


Bcrlincourl  Piezo  mcicr,  Channel  Products,  Inc..  Chagrin  Falls.  OH. 


Figure  5.  Photographs  of  (a)  as  spun,  (b)  fired  PZT  fiber. 


amination  of  the  cross  section  of  the  fibers  revealed  10  to 
20%  fine  porosity  uniformly  distributed  across  the  fibers, 
except  near  the  dense  surface,  with  grain  sizes  on  the  order 
of  0.2-0.3  /tm.  Fibers  processed  at  1250°C  possessed  dense 
microstructures  with  grain  sizes  in  the  range  of  2  to  8  ^tm. 
A  small  amount  of  closed  porosity  (  —  0.3  /tm  in  diameter), 
both  in  grains  and  at  grain  boundaries,  was  evident  in  the 
cross-sectional  view  of  the  fiber  after  the  pull  test,  as  shown 
in  Figure  8.  The  fracture  surface  was  intergranular.  The 
fibers  with  Nb-PZT  (AcAc  processed)  composition  fired  at 
OSO’C  showed  uniform  and  finer  grain  size,  1  to  3  /tm,  and 
little  porosity.  The  smaller  grain  size  is  due  to  the  niobium 
substitution,  which  tends  to  inhibit  grain  growth  of  PZT  in 
addition  to  many  other  characteristics  governed  by  this 
A-site  vacancy  additive".  Acetate  processed  Nb-PZT  fiber 
could  not  be  drawn  successfully,  due  to  the  rapid  increase  in 
sol  viscosity.  Differences  between  the  two  lead  sources 
were  inconclusive  in  this  study,  though  use  of  lead 
acetylacetonate  reduced  reflux  time  drastically. 


Degrees  Two  Theta  (CuKa) 

Figure  6.  XRD  pattern  for  the  fibrous  PZT  heat-treated  at  TSO^C  for 
10  min  and  at  1250'‘C  for  10  min. 
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(C) 


Figure  7,  SEM  micrograph  of:  (a)  acetate  processed  PZT  fired  at 
750^C  for  10  min,  (b)  acetate  processed  PZT  fired  at  1250^C  for  10 
min.  (c)  AcAc  processed  NthPZT  fired  at  1250^C  for  10  min. 

Compositional  Analysis 

EDS  analysis  of  PZT  fibers  (both  Acetate  and  AcAc  pro¬ 
cessed)  indicated  that  the  Zr:Ti  ratio  was  rich  in  Zr  being 
shifted  to  approximately  55:45  as  confirmed  by  the  lack  of 
tetragonal  splitting  [((X)2)  and  (200)]  in  the  XRD  patterns 
(Figure  6).  This  trend  was  confirmed  by  dielectric  measure¬ 
ments  of  the  fired  pellets  prepared  from  the  same  solution. 
The  dielectric  constant  (A^  dramatically  decreased  upon 
poling  (—48%)  reflecting  a  PZT  composition  well  on  the 
rhombohedral  side  of  the  morphotropic  phase  boundary 
(MPB)  (Jaffe  el  al.,  1971).  The  reason  for  this  compositional 
shift  is  currently  being  investigated. 

Electrical  Properties 

The  dielectric  constant  values  of  the  various  fibers  pro¬ 
cessed  are  summarized  in  Table  1.  Due  to  the  small  input 
signals,  dielectric  loss  of  the  PZT  fibers  was  not  measured. 
Both  Acetate  and  AcAc  processed  PZT  fibers  showed  com- 


Figure  8,  SEM  micrograph  of  fracture  surface  of  PZT  fiber  (fired  at 
1250°C  for  10  min)  after  tensile  test. 


parable  dielectric  values  to  that  of  the  bulk  ceramics  disk 
samples  made  from  the  same  solution.  The  dielectric  con¬ 
stant  of  the  samples  fired  at  750 ®C  was  lower,  which  was 
probably  due  to  the  combination  of  porosity  and  smaller 
grain  size.  Piezoelectric  J33  coefficients  of  the  PZT-poled 
ceramic  disk  samples  were  found  to  be  -  150  pC/N,  which 
is  lower  than  reported  value  (-223  pC/N)  (Jaffe  ct  al., 
1971).  This  was  believed  to  be  due  to  the  MPB  composi¬ 
tional  shifting  of  Zr:Ti.  Poled  ceramic  disks  of  Nb-PZT  ex¬ 
hibited  dii  of  —350  pC/N  close  to  the  reported  value  (374 
pC/N)  (Jaffe  et  al.,  1971).  Dielectric  and  piezoelectric  prop¬ 
erties  of  the  bulk  (disk)  samples  were  necessary  to  deter¬ 
mine  the  quality  of  precursors  and  to  provide  expected 
values  for  the  fibers  fabricated  from  the  same  “sol”. 

Representative  room  temperature  hysteresis  polarization 
E-field  behavior  for  AcAc  processed  Nb-PZT  fired  at 
1250®C  is  shown  in  Figure  9(a)  along  with  the  polarization 
measurements  performed  on  bulk  (disk)  samples  [Figure 
9(b)]  as  a  comparison.  Only  Nb-PZT  fiber  data  is  presented 
due  to  the  high  coercive  fields  of  unmodified  PZT.  The  fer¬ 
roelectric  nature  of  a  single  piezoelectric  fiber  has  not  been 
reported  before.  The  P-E  hysteresis  provides  direct  evidence 
that  these  fibers  can  be  polarized  to  induce  the  desired 
piezoelectric  properties.  Comparison  with  the  disk  sample 
revealed  that  the  level  of  remanent  polarization  of  the  fibers 


Table  1.  Dielectric  constant  of  sol-gel  derived  PZT 
and  Nb-PZT"fibers,‘ 


Ceramic 

Pb 

Precursor 

Heat  Treatment 
Temp.  [®C]/ 
Time  [min] 

Dielectric 
Constant 
(%  error) 

PZJ 

Acetate 

750/10 

670  (15) 

PZT 

Acetate 

1250/10 

870  (10) 

PZT 

AcAc 

750/10 

500  (15) 

PZT 

AcAc 

1250/10 

700  (10) 

Nb-PZT 

AcAc 

750/10 

1250(15) 

Nb-PZT 

AcAc 

1250/10 

1100  (15) 

■Fiber:  average  diameter  of  30  ^m. 
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(Pr  =  37  /iC/cm')  was  similar  to  the  bulk  sample  and  coer¬ 
cive  field  was  somewhat  higher  (£,  =  19  kV/cm). 

When  the  E-field  is  applied  to  the  previously  poled  sam¬ 
ple  parallel  to  the  poled  direction,  the  first  P-E  loop  is 
shifted  to  either  upward  or  downward  depending  on  the 
direction  of  the  field.  Therefore,  the  very  first  P-E  loop  was 
measured  to  determine  whether  or  not  the  fiber  was  poled 
after  the  application  of  E-field  by  the  method  described  in 
Figure  3  in  “Experimental  Procedures”.  Figure  10  shows  the 
first  P-E  loop  of  one  of  the  examples  of  the  segment  of  the 
poled  fiber.  Nearly  complete  shift  of  the  hysteresis  indicates 
that  the  fiber  has  been  poled. 

Mechanical  Properties 

Preliminary  data  for  the  tensile  strength  of  PZT  fibers 
fired  at  750®C  and  IISO^C  determined  using  the  pull  test 
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Figure  9.  Polarization  hysteresis  of  (a)  Nb-PZT  fiber  (diameter  30 
urn),  (b)  Nb-PZT  pellet  prepared  from  the  same  sol  as  the  fiber  was 
spun. 
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Figure  10.  The  first  polarization  hysteresis  loop  of  Nb-PZT  fiber 
poled  using  the  apparatus  shown  in  Figure  3. 

were  36  MPa  and  40  MPa,  respectively.  Tensile  strengths  of 
~55  MPa  were  found  for  Nb-PZT  fibers.  This  higher  value 
may  be  attributed  to  its  smaller  and  more  uniform  grain 
size.  Finer  diameter  fibers  tended  to  give  larger  tensile 
strength  values,  though  more  data  with  different  diameter 
samples  is  required  to  confirm  this.  Tensile  strength  values 
for  bulk  PZT  ceramics  reported  in  the  literature  is  on  the 
order  of  ~76  MPa  (Berlincourt,  Krueger,  and  Near,  1987), 
with  modulus  of  rupture  using  3-point  flexure  in  the  range 
of  10  to  40  MPa  (Pohanka  et  al.,  1983).  Therefore,  the  fiber 
tensile  strength  found  for  the  fibers  in  this  work  is  similar  to 
that  of  the  bulk  ceramic.  This  range,  however,  is  an  order  of 
magnitude  less  than  comparable  glass  fibers  (700  MPa)  and 
substantially  less  than  that  for  AljOj  fibers  (1500  MPa)  re¬ 
ported  in  the  literature  (Cooke,  1991).  Incorporation  of  PZT 
fibers  into  a  structural  matrix,  therefore,  cannot  be  a  simple 
substitution  with  structural  fibers,  and  hence  careful  han¬ 
dling  and  design  must  be  considered. 


CONCLUSIONS 

Amorphous  PZT  and  Nb-PZT  fibers  with  average  di¬ 
ameters  of  30  fim  have  been  successfully  spin-drawn  from 
sol-gel  processed  PZT  precursor  sol  using  a  continuous 
batch  spinning  apparatus.  Two  different  lead  sources,  lead 
acetate  trihydrate  and  lead  acetylacetonate,  were  examined. 
All  of  the  fibers  showed  pure  crystalline  perovskite  structure 
after  heat  treatment  at  750°C,  and  further  densification  and 
grain  growth  were  evident  after  1250®C  firing. 

Single  fiber  dielectric  constant  and  polarization  hysteresis 
measurements  were  successfully  performed  using  a  spe¬ 
cially  built  fixture.  Dielectric  constant  values  of  the  fibers 
fired  at  750®C  were  lower  than  that  of  fibers  fired  at  1250‘’C 
due  to  porosity  and  reduced  grain  size.  The  dielectric  con- 
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slant  of  fibers  fired  at  1250°C  was  comparable  with  that  of 
bulk  ceramic  values.  Polarization  E-field  measurements  of 
Nb-PZT  fibers  indicated  that  the  level  of  remanent  polariza¬ 
tion  (37  /iC/cm^)  was  similar  to  that  of  bulk  samples  with  the 
coercive  field  (19  kV/cm)  being  slightly  higher.  Fiber  poling 
apparatus  was  built  to  demonstrate  continuous  poling  using 
120  fim  diameter  extruded  fiber.  The  clear  shifting  of  the 
first  P-E  hysteresis  loop  indicated  that  the  fiber  had  been 
poled  with  this  method. 

Preliminary  data  for  the  tensile  strength  of  PZT  fibers 
revealed  values  similar  to  that  of  bulk  PZT,  though  Nb-PZT 
fiber  values  were  higher  than  that  of  pure  PZT  fibers,  proba¬ 
bly  due  to  its  denser  microstructure  and  smaller,  uniform 
grain  size. 
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ABSTRACT 

Rate  controlled  sintering  (RCS),  the  process  of  directly  controlling  sintering  shrinkage  with  a 
feedback  loop  mechanism,  was  used  to  densify  a  commercial  ceramic  multilayer  substrate  (a  low 
temperature  cofireable  ceramic  -  LTCC).  The  substrate  consisted  of  alumina  loaded  glass 
insulator  layers  with  fritted  silver  conductor  layers.  The  effect  of  one  constant  heating  rate  and 
three  constant  shrinkage  rates  on  the  conductor/insulator  interface  was  studied  using  acoustic 
microscopy,  scanning  electron  microscopy,  capacitance  measurements,  and  equivalent  series 
resistance.  An  optimal  shrinkage  rate  was  found  that  resulted  in  fewer  conductor/insulator 
delaminations  and  conductor  film  discontinuities  than  did  the  other  shrinkage  and  heating  rates 
studied.  It  is  postulated  that  the  changes  in  heating  rate  needed  to  maintain  a  constant  shrinkage 
rate  shift  and/or  reduce  the  peak  densification  rates  of  the  constituent  materials  limiting  the  transient 
tensile  stresses. 

I.  Introduction 

When  the  sintering  of  a  particulate  material  is  constrained,  as  is  the  case  in  multilayer  cofired 
ceramics  and  thick  films,  transient  tensile  stresses  can  develop  that  oppose  the  material's  effective 
sintering  stress  [1-3].  These  tensile  stresses  can  also  lead  to  defect  formation  (sintering  damage) 
through  creep  processes  [2, 4].  The  common  types  of  sintering  damage  that  have  been  observed  in 
metal/ceramic  multilayers  include  warping  [5],  cracking  in  the  ceramic  layer  [4],  delamination  of 
the  metal/ceramic  interface  [6],  and  void  formation  in  the  metal  layer  [4].  Since  sintering  materials 
are  viscous  or  viscoelastic,  stress  develops  in  response  to  strain  rates  rather  than  strain  as  is  the 
case  for  elastic  materials.  In  this  work  direct  control  of  the  strain  rate  for  a  sintering  multilayer 
electronic  substrate  was  achieved  using  rate  controlled  sintering.  As  will  be  shown,  this  allowed 
us  to  influence  the  transient  stresses  that  arise  during  cofiring. 

II.  Experimental  Procedure 

A  commercial  tape-cast,  glass-alumina  composite  insulator  material  (E.I.  Du  Pont  de  Nemours 
851  AT  Green  Tape)  and  a  screen-printable,  fritted  silver  conductor  ink  (E.I.  Du  Pont  de  Nemours 
6142D)  were  chosen  as  the  target  materials  for  this  smdy.  Multilayers  were  constructed  by  first 
printing  2.54  cm  square  pieces  of  tape  with  8  mm  x  1.5  mm  pads  of  silver  ink.  The  printed  layers 
were  dried  and  then  20  layers  were  stacked  and  laminated  at  34  MPa  and  75  °C  or  15  min.  The 
printing  pattern  and  stacking  sequence  were  such  that  each  laminate  could  be  diced  into  sixteen 
samples  with  a  multilayer  capacitor  configuration.  After  dicing  binder  burnout  was  done  at  400  °C 
for  1  hour  in  a  box  furnace  with  flowing  air. 

The  multilayers  were  densified  using  an  RCS  dilatometer  with  an  infrared  imaging  furnace. 
This  instrument,  which  has  been  described  in  the  literature  [7],  has  a  very  low  thermal  mass.  As  a 
result  it  provides  a  much  greater  degree  of  control  over  the  shrinkage  rate  than  has  been  possible 
with  more  conventional  dilatometry  and  furnace  equipment.  Multilayer  samples  were  sintered  at  a 
constant  heating  rate  (CHR)  of  25  °C/min  or  by  RCS  at  constant  shrinkage  rates  of  0.5, 1 .5,  or  6 
%/min.  For  the  RCS  trials,  the  samples  were  heated  to  the  sintering  onset  temperature  at  a  constant 
heating  rate  of  25  ®C/min.  Shrinkage  was  monitored  in  the  radial  direction  (i.e.  in  the 
casting/printing  plane),  and  both  the  CHR  and  RCS  samples  were  sintered  to  a  target  shrinkage  of 


13  %.  This  was  detennined  by  sintering  multilayers  in  a  conventional  furnace  at  850  °C  for  15  min 
(the  manufacturer's  recommended  profile).  Once  the  target  shrinkage  was  reached,  the  control 
system  abruptly  reduced  the  furnace  temperature  300  °C  to  stop  sintering  and  "freeze  in"  the  final 
microstructure.  Five  samples  were  sintered  for  each  of  the  four  profiles  investigated. 

The  multilayers  were  characterized  using  scanning  acoustic  microscopy,  capacitance  vs. 
frequency  measurements,  equivalent  series  resistance,  and  finally  scanning  electron  microscopy 
(SEM)  of  cut  and  polished  cross  sections.  The  shrinkage  behavior  of  individual  components  of  the 
multilayer  was  also  evaluated.  For  the  substrate  material  this  was  done  by  sintering  20  layer 
monoliths  (substrates  without  any  silver  films)  in  the  dilatometer.  For  the  silver,  shrinkage  was 
measured  on  free  standing  films  using  an  optic^  microscope  with  a  hot  stage. 

III.  Results  and  Discussion 

The  temperature  and  shrinkage  profiles  for  RCS  are  shown  in  figure  1.  Note  that  at  the  onset 
of  sintering  the  furnace  temperature  surged  in  order  to  initialize  shrinkage  control.  The  heating  rate 
then  slowed  to  a  nearly  constant  value  for  the  remainder  of  the  sintering  schedule.  Acoustic 
microscopy  of  the  sintered  multilayers  indicated  that  there  were  no  defects  in  samples  sintered  at  a 
constant  shrinkage  rate  of  1.5  %/min  while  there  were  some  defective  samples  for  each  of  the  three 
other  sintering  profiles.  SEM  of  cut  and  polished  cross  sections  of  the  multilayers  revealed  that  the 
defects  were  either  delammations  of  the  electrode/insulator  interface  or  discontinuities  and  porosity 
in  the  electrodes  (see  figure  2a  -  e). 

Before  the  SEM  analysis,  the  samples'  capacitance  and  equivalent  series  resistance  (ESR)  were 
measured.  The  capacitance  of  a  multilayer  is  reduced  by  electrode/insulator  delaminations.  This 
results  firom  the  parasitic  capacitance  contributed  by  the  air  gap  in  series  with  the  higher  dielectric 
constant  insulator.  The  ESR  measurement  was  used  to  verify  that  sample  geometry  variations 
were  not  responsible  for  any  observed  flucmations  in  capacitance.  The  average  capacitance  was 
found  to  be  highest  for  the  samples  sintered  at  1.5  %/min  indicating  fewer  delaminations. 
However,  since  the  degree  of  delamination  will  vary  from  sample  to  sample,  the  standard  deviation 
of  capacitance  for  several  samples  is  expected  to  be  a  better  basis  for  comparison.  This  is  shown 
in  figure  3.  As  can  be  seen  the  samples  sintered  at  1.5  %/min  had  the  smallest  capacitance 
variation  and  samples  conventionally  sintered  at  a  constant  heating  rate  of  25  °C/min  had  the  largest 
variation  in  capacitance. 

The  sintering  behavior  of  individual  components  of  the  multilayer  provided  some  explanation 
for  the  above  observations.  Since  the  transient  stress  that  drives  delamination  depends  on  strain 
rate,  the  shrinkage  curves  for  the  insulator  and  silver  were  differentiated  with  respect  to  time. 
These  are  shown  in  figure  4  for  two  heating  rates  (25  and  50  ’’C/min).  At  the  onset  of  sintering  in 
the  insulator,  which  corresponds  to  the  softening  temperature  for  silver  film's  glass  frit,  the  silver 
underwent  its  peak  strain  rate.  For  cofired  systems  the  faster  sintering  material  is  in  tension; 
therefore,  at  the  frit  softening  temperature  the  silver  film  was  under  a  high  level  of  tensile  stress. 
This  could  cause  the  film  porosity  and  discontinuities  observed  in  many  of  the  samples.  It  may 
have  also  weakened  the  interface;  however,  actual  interface  fracture  (delamination)  usually  occurs 
near  the  end  of  cofiring  when  the  film  shrinkage  rate  is  low  and  the  insulator  densification  rate  is  at 
a  maximum  [8]. 

If  the  heating  rate  was  increased  there  tended  to  be  more  overlap  between  the  film  and  insulator 
shrinkage  rate  curves  (figure  4).  Since  the  RCS  schedules  had  a  temperature  surge  while  the  film 
went  through  its  peak  shrinkage  rate,  there  may  have  been  a  large  initial  overlap  between  the  film 
and  insulator  shrinkage  rate  during  RCS.  This  could  have  both  reduced  the  incidence  of  film 
discontinuities  and  strengthened  the  interface.  The  choice  of  a  moderate  shrinkage  rate  for  the  rest 
of  the  cofiring  schedule  would  then  have  maintained  the  tensile  stress  below  a  safe  level  to  prevent 
delamination. 
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Figure  2:  Conductor/insuiator  interfaces  and  defects  in  multilayer  samples:  a) 
delaminations  for  CHR  sintering  at  25  °C/min,  b)  and  c)  film  discontinuities  and 
porosity  for  RCS  of  0.5  %/min,  d)  defect  free  interface  for  RCS  of  1.5  %/min, 
and  e)  low  density  regions  on  insulator  side  of  interface  for  RCS  of  6  %/min. 
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Figure  3:  Standard  deviation  in 
capacitance,  density,  and  ESR  vs. 
sintering  condition. 
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Figure  4;  Shrinkage  rates  for  free 
standing  conductor  films  and 
insulator  monoliths. 


Summary 

Rate  controlled  sintering  at  constant  shrinkage  rates  was  performed  on  LTCC  multilayer 
substrates.  An  optimal  shrinkage  rate  was  found  that  minimized  the  incidence  of 
conductor/insulator  delamination  and  conductor  film  discontinuities  compared  to  conventional 
constant  heating  rate  sintering.  The  temperature  profile  needed  to  maintain  a  constant  shrinkage 
rate  tended  to  create  more  overlap  between  the  conductor  and  insulator  shrinkage  rates  during  the 
initial  stages  of  cofiring.  This  would  have  reduced  tensile  stress  in  the  film  and  possibly 
strengthened  the  conductor  insulator  interface.  A  relatively  moderate  shrinkage  rate  for  the 
remainder  of  cofiring  may  have  kept  the  tensile  stress  in  the  insulator  below  a  critical  level  for 
delamination.  Currently  investigations  into  the  effect  of  RCS  on  the  properties  of  multilayer 
inductors  and  capacitors  (NPO  and  X7R)  are  underway. 
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A  grain  size  investigation  of  the  structure-property  relations  in  morphotropic  phase 
boundary  composition  Lead  Zirconium  Titanate  (PZT)  ceramics  has  been  performed  over  the  grain 
size  (G.S)  range  of  0.1  to  10  |xm.  We  report  on  the  dielectric  and  piezoelectric  measurements  in 
relation  to  the  grain  size,  domain  size  (D.S),  and  domain  configurations  in  the  ceramic.  The 
elastic-domain  size  was  compared  to  the  traditional  parabolic  relation  (DS  ~  GS^f^)  and  was  found 
to  depart  at  submicron  grain  sizes  (<  1.0  fim).  New  insights  were  gained  into  the  piezoelectric 
behavior  with  the  discovery  of  transgranular  domain  coupling  in  the  microstructures. 

Introduction 

With  continuing  miniaturization  of  electronic  ceramics,  new  performance  problems  and 
challenges  are  anticipated  for  ferroelectric  ceramics.  Ferroelectricity,  being  a  cooperative 
phenomena  similar  to  ferromagnetism  and  superconductivity,  is  expected  to  show  size  effects  on 
phase  stability  and  properties.  Recent  work  has  shown  that  Ae  ferroelectric  phase  is  unstable  in 
submicron  PbTiOs  particles,  and  thin  film  ferroelectrics  have  dielectric  and  piezoelectric  properties 
lower  than  reported  in  bulk  ceramics.  L2  Therefore,  there  is  a  need  to  investigate  the  effects  of 
gi^  size  on  properties  and  microstructures  in  a  bulk  ferroelectric  ceramic.  The  system  selected  in 
diis  study  is  the  morphotropic  phase  boundary  composition,  PZT.  Although  there  have  been 
previous  studies  on  grain  size  effects  in  PZT,  results  showed  inconsistent  trends  and  the  grain  size 
range  were  limited  from  1.0  to  10  pn.3-6 

Experimental 

A  series  of  undoped  PZT  and  Nb-doped  PZT,  Pbo.988(Zro.52Tio.48)o.976Nbo.02403, 
ceramics  were  fabricated  from  powders  made  from  reactive  cremation.  Reactive  calcination  has 
been  shown  previously  to  enhance  the  reactivity  and  densification  of  Pb-based  perovskites.'^*^  The 
densification  and  grain  growth  of  the  reactive  calcined  powders  with  both  pressure  and 
conventional  sintering  results  in  a  wide  variation  of  the  mean  grain  size,  0.1  pm  to  14  pm.  The 
smaller  grain  size  was  limited  by  the  agglomeration  size. 

The  microstructure  of  the  ceramics  was  investigated  using  both  scanning  and  transmission 
electron  microscopy  techniques,  SEM  and  TEM,  respectively.  The  samples  were  prepared  for 
TEM  by  ion-beam  thinning;  the  polished  sections  were  adhered  to  copper  ^ds  with  epoxy.  Poled 
and  unpoled  TEM  samples  were  studied  using  a  Philips  420  STEM. 

Dielectric  and  piezoelectric  measurements  were  performed  over  a  wide  temperature  range 
lOK  to  900K  to  access  the  intrinsic  and  extrinsic  property  contributions.  The  dielectric 
measurements  were  carried  out  with  an  automated  HP  4274  multiple  frequency  impedance  analyzer 
interfaced  with  an  H.P.  desktop  computer.  The  piezoelectric  coefficients  and  electromechanical 
coupling  factors  were  determined  as  a  function  of  composition  and  grain  size,  using  a  R.F. 
spectrum  analyzer  HP  4192A  and  a  Berlincourt  meter.  The  samples  were  poled  in  a  silicone  oil 
bath  at  120*C  with  fields  ~  30  to  50  KV/cm  based  on  their  coercive  fields  (Ec)  for  ten  to  sixty 
minutes. 

Results  and  Discussion 
ID _ Elasto-dielectric  Properties 

Figure  1(a)  and  (b)  shows  the  dielectric  constant  temperature  dependence  for  undoped  and 
Nb-doped  PZT,  respectively.  There  is  a  suppression  of  the  dielectric  maximum  with  decreasing 


grain  size.  The  undoped  PZT  shows  a  departure  from  the  Curie-Weiss  behavior  above  Tc.  This  is 
most  likely  due  to  the  uncompensated  superoxidation  of  lead  vacancies  resulting  in  a  p-type  PZT 
and  a  space  charge  contribution  imposed  on  the  dielectric  anomaly.  The  Curie-Weiss  behavior  is 
observed  in  Nb-doped  PZT  and  the  Curie  constant  is  independent  of  grain  size,  which  reflects  a 
pure  ferroelectric  transition.  The  transition  temperature,  Tc,  in  the  Nb-doped  PZT  was  also 
concluded  to  be  independent  of  grain  size.  The  room  temperature  poled  dielectric  constant  was 
found  to  continuously  decrease  with  reducing  grain  size,  along  with  a  continuous  increase  in 
dielectric  loss  in  Nb-doped  PZT. 

The  space-charge  effects  present  in  the  undoped  PZT  ceramics  limit  the  inteipretation  of 
undoped  PZT  and,  therefore,  we  will  only  consider  the  piezoelectric  properties  of  Nb-doped  PZT 
as  a  function  of  grain  size.  Figure  2  shows  a  systematic  decrease  of  the  piezoelectric  coefficients 
d33  and  d3i  with  decreasing  grain  size  at  room  temperature. 

Dielectric  and  piezoelectric  properties  in  ferroelectrics  are  dependent  on  both  intrinsic  and 
extrinsic  mechanisms.  Intrinsic  contributions  are  from  the  relative  ionic  motion  that  preserves  the 
original  crystal  structure.  At  room  temperature  in  soft  PZTs  intrinsic  contributions  are  only  30%  of 
the  total  magnitude  of  the  given  property.  The  remaining  extrinsic  contributions  are  the  result  of 
domain  walls  and  defect  dipoles.  The  extrinsic  mechanisms  are  thermally  activated  processes;  at 
lower  temperatures  the  extrinsic  properties  become  frozen  out  and  hence  the  intrinsic  properties 
dominant.  Fi^re  3  shows  kp  and  k3i,  the  planar  and  transverse  coupling  coefficients,  as  a 
function  of  grain  size  at  temperatures  300K,  lOOK,  and  15K,  respectively.  The  low  temperature 
electromechanical  coupling  is  independent  of  grain-size  and,  tiierefore,  infers  that  the  domain 
mechanisms  are  responsible  for  the  property  changes  at  room  temperature. 

nD _ Microstructural  Characterizations 

Grain  size  and  domain  size  distributions  were  determined  for  the  PZT  ceramics.  Figure 
4(a)  and  (b)  shows  typical  histograms  for  the  size  distribution  of  grain  sizes  and  domain  sizes, 
respectively.  The  grain  size  distributions  were  determined  from  polished  and  etched  SEM 
micrographs,  and  the  domain  size  distributions  from  TEM  micrographs.  The  grain  size 
distributions  were  found  to  be  relatively  symmetrical,  whereas  the  domain  size  distributions  shows 
strong  asymmetry.  Therefore,  the  mean  was  used  to  describe  the  grain  size,  and  the  mode  (the 
most  frequendy  occurring  size)  was  used  to  characterize  the  size  of  the  domains.  Special  care  was 
taken  to  ensure  that  TEM  sample  preparation  did  not  change  the  domain  configurations  while 
thinning  the  bulk  ceramic  to  thin  foUs,  i.e.,  maintain  the  domain  configuration  as  a  metastable  state. 
Experiments  on  poled  samples  and  thermal  cycling  confirmed  the  validity  of  the  domain  size 
observed  in  TEM,  as  discussed  in  an  earlier  paper.9 

Figure  5  shows  the  generalized  data  of  grain  size-domain  size  relation  in  morphotropic 
phase  boundary  PZT.  A  constat  exponent  holds  for  grain  sizes  above  1.0  pm,  but  for  domain 
sizes  in  the  0.1  pim  grains  there  is  a  departure  from  the  constant  exponent.  The  constant  exponent 
in  this  study  was  found  to  be  approximately  m  =  1/2,  consistent  with  previous  bulk  ceramic 
studies.  However,  domain  size  in  the  fine  grain  materials  shows  smaller  domain  sizes  or  higher 
domain  densities  than  predicted  by  the  parabolic  scaling  relation.  Similar  departures  have  been 
reported  in  thin  film  ferroelectrics.  10 

In  addition  to  the  smaller  domains,  there  is  a  change  in  the  domain  configurations.  The 
domain  configurations  observed  in  a  ceramic  with  grain  size  below  1.0  p.m  are  much  simpler  than 
in  the  larger  gi^  size  ceraimcs.  In  a  morphotropic  phase  boundary  composition  PZT,  there  are  14 
possible  polarization  (domain)  states.  However,  the  simple  twin  band  structures  observed  in  the 
0.1  pm  grains  clearly  demonstrates  a  reduction  in  domain  states  pw  grain. 

The  domain  structures  observed  in  the  poled  PZT  ceramics  are  shown  to  be  strongly 
influenced  by  the  neighboring  gmn/domain  structures,  both  in  regard  to  domain  size,  periodicity, 
and  orientation.  TEM  observations  showed  an  elastic  coupling  of  the  non- 180°  domains  across 
grain  boundaries.  The  alignment  of  domain  configurations  demonstrates  that  the  switching  process 
has  to  be  both  intra-  and  transgranular.  The  transgranular  coupling  is  anticipated  to  be  extremely 
important  for  piezoelectric  properties.  The  mechanical  coupling  efficiency  is  expected  to  be 
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reduced  by  such  elastic  interactions.  In  finer  grain  ceramics,  the  transgranular  coupling  would  be 
more  dominant  as  the  grain  boundary  density  increases,  therefore  suggesting  the  piezoelectric 
coupling  coefficients  would  be  further  reduced. 

The  microscopy  results  can  account  qualitatively  for  the  grain  size  effects  observed  in  the 
elasto-dielectric  properties.  The  piezoelectric  properties  are  suppressed  owing  to  the  reduction  in 
domain  states  (i.e.  switchable  directions)  in  each  grain.  Piezoelectric  properties  are  also  reduced 
owing  to  the  higher  probability  of  transgi^ular  domain  coupling  in  finer  grain  materials.  On  the 
other  hand,  the  dielectric  loss  increases  with  the  decrease  of  grain  size  at  room  temperature  owing 
to  the  higher  density  of  domain  walls.  This  does  not  necessarily  increase  the  polarizability  of  the 
grain  as  there  are  fewer  domain  states  in  each  grain,  and  the  domain  walls  are  pinned  at  the  grain 
boundaries. 

Conclusions 

This  study  establishes  a  relationship  between  the  dielectric  and  piezoelectric  properties  in 
Nb-doped  PZT  ceramics  of  mo^hotropic  phase  boundary  composition  with  grain  size  variations 
from  0.1  M-m  to  10  |xm.  The  size  dependence  of  the  properties  was  extrinsically  controlled  as 
shown  by  the  thermal  measurements,  which  was  also  confirmed  by  the  systematic  changes  in 
domain  size  and  configuration.  Poled  domain  structures  demonstrated  the  importance  of 
transgranular  switching  in  the  poling  process  of  a  piezoelectric  ceramic. 
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Mb-DOPED  P2T(5a/'18) 


Figure  1.  Dielectric  constant  temperature  dependence  in  (a)  undoped  and  (b)  doped  PZT 
ceramics  with  a  range  of  grain  sizes 
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Figure  3  (a)  and  (b).  Electromechanical 
coupling  coefficient  as  a  function  of  grain 
size  and  temperature. 
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Figure  5.  Log-Log  plot  of  the  grain  size — 
domain  size  relation  in  Nb-doped  PZT 
ceramics. 
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Investigation  of  the  Dielectric  Properties  of  Bismuth  Pyrochlores 
David  P.  Cann.  Clive  A.  Randall,  and  Thomas  R.  Shrout 
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The  dielectric  properties  of  polycrystalline  bismuth-based  pyrochlores  of 
the  general  chemical  form  Bi2(B^;3B®;3)07  and  Bi2(B^*B®*)07  where  B2+=  Mg, 

Cu,  Zn,  and  Ni,  B3+=  Sc  and  In,  and  B5+=  Nb  and  Ta,  were  investigated  as  a 
function  of  temperature  and  frequency.  At  low  temperatures  (T~100  to 
150  K),  a  dielectric  dispersion  was  universally  observed  within  these 
systems.  The  dielectric  dispersion  was  analyzed  using  phenomenological 
models  often  used  for  describing  dipolar  glass  systems.  Similar  activation 
energies  and  pre-exponential  damping  frequencies  are  found  to  exist  with 
dipolar  glasses  such  as  RADP  (RbxH2P04-(NH4)]-xH2P04),  Ki.xLixTaOs, 
KBri.xCNx,  and  KIi.x(N02)x. 

Keywords:  A.  spin  glasses 

A.  ferroelectrics 
D.  dielectric  response 
D.  phase  transitions 


I.  INTRODUCTION 


Bismuth-based  pyrochlores  have  recently  been  found  of  interest  for 
low-fire  high  frequency  dielectric  applications. 3. 4  contrast  to 

conventional  microwave  dielectric  materials,  c-S*  ®^(^^Sl/3'I'^2/3)03  and 
Zr(Sn,Ti)04  that  require  high  sintering  temperatures  (Tsinter  >  1600  K)  the 
low  sintering  temperatures  of  bismuth  pyrochlores  (Tsinter  ^  1400  K)  and 
dielectric  properties  with  low  losses  (tan  5  ~  10-4)  and  dielectric  constants 
up  to  150  make  them  promising  candidates  for  cofired  decoupling 
capacitors  in  multichip  module  packaging  applications,  so-called  LTCC 
packages  (low  temperature  cofire  ceramics). 

The  cubic  pyrochlore  structure  has  the  general  formula  unit  A2B2X6Y1. 
As  shown  in  Figure  1,  the  crystal  structure  is  a  derivative  of  the  fluorite 
structure  AX2  where  the  unit  cell  is  doubled  and  the  A  site  is 
differentiated  into  both  A  and  B  sites.  The  relatively  large  A  cation  is  in 
eightfold  coordination,  with  oxygen  anions,  while  the  smaller  B  cation 
resides  in  sixfold  coordination  forming  a  (BOe)  oxygen  octahedra.2  Of  the 
seven  oxygen  anions,  one  is  separate  from  the  (BOa)  octahedra  and  its  only 
bond  is  to  the  A  cations,  located  in  the  voids  between  the  (BOe)  octahedra. 
Thus,  the  structural  polyhedra  description  can  be  referred  to  as  a  strongly 
bound  three  dimensional  network  of  (BOe)  octahedra  with  (A4O)  tetrahedra 
in  the  interstices. 

The  cation  solubilities  within  the  pyrochlore  structure  are  similar  to 
that  of  the  perovskite.  However,  the  pyrochlore  compositions  have 
received  far  less  attention  in  terms  of  compositional-property  relations. 
The  Bi203— ZnO— Nb205  systems  are  of  interest  for  the  dielectric  properties, 
with  dielectric  permittivities  ~  100  with  a  low  dielectric  loss  tangent,  tan  8 


<  0.0001.  There  have  been  only  a  few  studies  into  these  bismuth 

compositions3-6,  the  most  extensive  work  by  Golovshchikova  et  al.6 
Consistent  with  these  earlier  reports,  a  dispersive  dielectric  anomaly  is 
found  at  low  temperature  (~100K). 

The  objective  of  this  work  was  to  expand  upon  and  verify  the 
dielectric-compositional  relations  of  various  bismuth  pyrochlores. 
Phenomenological  analysis  of  the  dielectric  anomaly  is  also  made  and 
discussed  in  relation  to  dipolar  glass  systems.  Using  these  models, 
predictions  can  be  projected  to  the  high  frequency  behavior,  where  real 
technological  advantages  are  anticipated  for  the  pyrochlore  polycrystalline 
dielectrics. 


II.  EXPERIMENTAL 

Sample  preparation:  The  starting  materials  were  reagent  grade  oxide 
powders  of  Bi203,  ZnO,  Nb205,  Ta205,  In203,  SC2O3,  CuO  and  NiO,  and  a 
carbonate  powder,  MgC03.  Powders  were  tested  for  loss  on  ignition  and 
the  batch  composition  was  appropriately  compensated.  The  columbite 
precursor  method  was  used  as  is  commonly  performed  in  perovskite 

materials^.  Stoichiometric  mixtures  of  powders  of  the  base  composition 
Bij (62/364/3)07  and  Bi^(B^'",B’^)0^  were  milled  for  24  hours  in  alcohol  with 

zirconia  media.  These  powders  were  then  dried  and  calcined  at  700-800®C 
for  4  hours  in  open  alumina  crucibles.  Powder  X-ray  diffraction  (XRD)  was 
performed  to  verify  the  formation  of  the  pyrochlore  structure  after  solid 
state  reaction  of  the  oxide  powders.  The  powders  were  remilled  and  dried 
before  pressing  into  12.5  mm  discs.  Approximately  3  weight  percent 


organic  binder  was  added  to  assist  in  the  pressing.  Discs  were  sintered  in 
air  at  temperatures  ranging  from  950°C-1 100»C.  At  these  temperatures 
there  was  negligible  weight  loss  during  sintering  and  therefore  no  excess 
Bi203  was  added  to  the  batch  formulation. 

The  geometry  of  the  sintered  discs  was  typically  10.5  mm  in  diameter 
and  1  mm  in  thickness.  The  density  of  the  samples  was  found  to  be 
greater  than  97  percent  of  theoretical  density  as  determined  geometrically. 

The  surfaces  of  the  sintered  discs  were  ground  parallel  and  gold  electrodes 
were  applied  by  sputtering. 

Dielectric  Measurements:  Dielectric  measurements  were  carried  out  using 
multifrequency  meters  (Hewlett-Packard  4274A  and  4275A  LCR  meters) 
in  conjunction  with  a  computer  controlled  temperature  chamber.  The 
temperature  of  the  samples  was  varied  from  100  K  to  400  K. 
Measurements  were  made  while  cooling  at  a  rate  of  2  K  per  minute.  The 
measurement  frequencies  utilized  to  measure  the  dispersion  varied  from 
100  Hz  to  100  kHz  in  decade  steps,  and  room  temperature  dielectric 
properties  were  measured  up  to  1  MHz.  The  sample  capacitances  were 
typically  100-200  pF.  Dielectric  constants  were  calculated  using  the 
geometric  area  and  thickness  of  the  discs. 


III.  RESULTS 

Results  of  Processing:  XRD  measurements  on  sintered  samples  revealed 
that  samples  were  single  phase  cubic  pyrochlore.  In  some  cases,  however, 
a  secondary  phase  was  present  in  small  amounts  (<5%)  composed  of  the  B- 


site  pre-cursor  elements  (e.g.  MgNb206,  JCPDS  33-875).  The  presence  of 
this  phase  suggests  the  existence  of  free  Bi203  in  the  sample.  It  is  probable 
that  a  similar  A-site  and  oxygen  deficient  stoichiometry  exists  for  the  Bi- 
based  pyrochlores  in  this  study.  The  excess  Bi203  and  ZnO  predicted  from 
this  stoichiometry  could  be  present  in  amounts  not  detectable  by  XRD. 
Careful  density  measurements  and  XRD  data  is  required  to  determine  the 
exact  stoichiometry. 

For  most  compositions  investigated  here,  the  x-ray  powder  diffraction 
profile  shows  similar  features,  as  typified  by  cubic  pyrochlore  Bi2(ScTa)07 
shown  in  Figure  1.  The  cubic  lattice  parameters  ranged  between  10.54  A 

o 

to  10.75  A.  The  Bi2(Cu2/3Nb4/3)07,  however,  showed  a  tetragonal 
distortion.  Figure  2  demonstrates  the  differences  between  the  cubic  and 
tetragonal  powder  diffraction  profiles. 

Dielectric  results:  Table  I  presents  the  room  temperature  (1  MHz) 
dielectric  data  for  the  pyrochlore  ceramics  synthesized  in  this  research. 
The  cubic  bismuth  pyrochlore  ceramics  have  dielectric  constants  ranging 
from  67  to  250  with  low  dielectric  losses  tan  6  (<0.01 1).  Lower  loss  values 
and  lower  dielectric  constants  were  recorded  for  the  tantalum  containing 
composition,  similar  to  Ta  and  Nb  perovskite  microwave  dielectrics, 
Ba(Mgi/3Ta2/3)03  and  Ba(Mgi/3Nb2/3)03,  respectively.  The  real  and 
imaginary  parts  of  the  dielectric  properties  as  a  function  of  temperature 
for  the  Bi2ScNb07,  Bi2ScTa07,  Bi2Mg2/3Nb4/307,  and  Bi2Zn2/3Nb4/307 
pyrochlore  are  given  in  Figure  2.  The  Cu-containing  pyrochlore  showed 
high  losses  at  all  frequencies  probably  due  to  changes  in  valence  state  of 
the  Cu  ion.  A  frequency  dispersive  decrease  in  the  real  part  of  the 
dielectric  permittivity  and  a  correlated  peak  in  the  imaginary  part  was 


found  at  low  temperatures  for  all  compositions.  In  some  cases,  only  the 
onset  of  the  anomaly  could  be  seen  at  100  K,  as  shown  in  Figure  2  for 
Bi2Zn2/3Nb4/307. 


IV.  DISCUSSION 


For  the  pyrochlore  compounds  studied,  a  typical  frequency  dispersion 
is  observed  where  the  maxima  in  z"  is  shifted  to  higher  temperatures  with 
increased  measurement  frequency,  as  shown  in  Figure  3.  Also,  a 
corresponding  decrease  in  £'  is  observed  in  the  same  temperature  regime. 
The  corresponding  dielectric  dispersion  is  similar  to  that  found  in  relaxor 
ferroelectrics,  where  the  temperature  at  which  this  dispersion  occurred 
appears  to  be  a  function  of  composition.  In  the  case  of  Bi2Zn2/3Nb4/307, 
Bi2Zn2/3Ta4/307,  and  Bi2Mg2/3Ta4/307,  the  maxima  in  £"  was  well  below 
100  K,  whereas  in  the  Sc  and  In  containing  pyrochlores  the  maxima  resides 
between  125  and  200  K.  The  temperature  shift  in  the  dielectric  relaxation 
with  composition  showed  no  systematic  relationship  to  crystal  chemical 
descriptions  such  as  atomic  mass  and  ionic  radii.  The  dielectric  maximum 
in  the  complex  lead  perovskite  relaxors  also  is  independent  of  the  cation 
mass  and  ionic  radii.  After  extensive  studies  in  the  perovskite  relaxor 
system  systems,  it  is  believed  that  symmetry  breaking  defects  play  a  more 
important  role  in  controlling  the  nature  of  the  dielectric  spectra^.  Similar 
behavior  may  be  operating  in  the  cubic  bismuth  pyrochlores;  further 
comparisons  are  made  through  analysis  of  the  relaxation  behavior. 

Qualitatively,  similar  dielectric  relaxations  to  the  bismuth  pyrochlores 
have  also  been  observed  in  compounds  such  as  RADPl2  (RbxH2P04-(NH4)i. 


XH2PO4),  Ki-xLixTaOs^^,  KBri-xCNx and  KIi.x(N02)x*^m  all  referred  to  as 
dipolar  and  quadrupolar  glasses.  A  comprehensive  understanding  of  the 
dipolar  glass  dielectric  behavior  is  still  developing.  However,  it  is  possible 
to  analyze  the  dielectric  relaxation  with  a  number  of  modified  Arrhenius 
plots. 

Consider  first  the  basic  Arrhenius  equation,  which  was  originally 
developed  to  model  polar  liquids  and  gas  dielectric  properties* The 
observed  behavior  is  noted  to  be  similar  to  that  characteristic  of  electric 
dipolar  and  quadrupolar  glasses*®***  such  as  RADP*2  (RbxH2P04-(NH4)i . 
XH2PO4),  Ki-xLixTa03l3,  KBri.xCNx*4,  and  KIi.x(N02)x*5. 

For  these  systems,  the  dielectric  data  can  be  fitted  to  an  Arrhenius- 
type  equation  of  the  following  form: 


1 

—  =  Vo  exp 


-Ea' 

IcbT 


(1) 


where  Tc  is  the  characteristic  relaxation  time,  Ea  is  the  activation  energy, 
and  the  pre  exponential,  Vq,  is  the  attempt  jump  frequency.  Figure  4 
presents  an  Arrhenius  plot  for  the  pyrochlores  with  full  dispersion  above 
100  K,  showing  the  linear  relationship  between  the  measuring  frequency 
(f=v/27C=l/27rT)  and  the  reciprocal  of  the  temperature  at  which  e"  is 
maximum.  Table  II  lists  the  fitting  parameters,  Vo  and  Ea,  obtained  from 
Eq.  (1).  The  highest  anticipated  Jumping  frequency  would  be  directly 
related  to  the  ionic  vibration  of  the  lattice  and  hence  Vo  «  10*  ^  Hz.  In  the 
K(Br,CN)  system*4»*‘7-*9,  the  parameters  Vo  and  Ea  obtained  from  this  kind 
of  analysis  typically  have  values  on  the  order  of  10*2*16  Hz  and  0.05  eV, 
respectively.  High  jump  frequencies  10*6  to  10*9  Hz  suggest  a  further 


refinement  of  the  model  to  describe  the  dielectric  relaxation  in  pyrochlores 
despite  the  excellent  fit  in  Figure  4. 

Recently,  similar  unphysical  parameters  were  also  found  from  fitting 
the  dielectric  dispersion  of  the  perovskite  Pb-based  relaxors  such  as 
Pb(Mgi/3,Nb2/3)03l9.  In  many  dipolar  glass  systemslO.*!  and  in  PMN20, 
the  anomalous  magnitudes  of  the  parameters  Vq  and  Ea  could  be 
reconciled  by  using  a  modification  to  the  Arrhenius  equation,  the  empirical 
Vogel-Fulcher  equation: 


:;r  =  Voexp 
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In  the  Vogel-Fulcher  equation,  a  parameter  Tp  is  introduced  as  the  freezing 
temperature  of  the  dipolar  glass  state.  Tp  is  regarded  as  the  absolute 
temperature  where  the  dynamic  reorientation  of  dipolar  cluster 
polarization  no  longer  can  be  thermally  activated.  For  the  data  in  this 
research,  however,  the  optimum  fit  of  Eq.  (2)  was  obtained  with  Tp-O, 
which  is  equivalent  to  the  simple  Arrhenius  equation  (Eq.  (1)),  and 
therefore  inadequately  describes  these  pyrochlore  systems. 

An  alternative  model  to  describe  dipolar  glass  dielectric  dispersion 
was  proposed  by  Binder  and  Young^®*!^  and  is  essentially  a  further 
modification  of  the  Arrhenius  Law: 


ZV 


—  =  Voexp 

(3) 

where  zv  is  an  additional  fitting  parameter.  In  this  case,  the  activation 
energy,  Ea,  is  given  in  units  of  absolute  temperature.  This  equation  was 
originally  derived  to  describe  the  dynamics  of  domain  wall  nucleation. 
Table  III  lists  Vq  and  Ea  values  derived  from  the  plot  of  Eq.  (3)  (Figure  4) 


With  the  aim  of  obtaining  an  operational  dielectric  at  microwave 
frequencies,  the  Arrhenius  equations  and  modified  Arrhenius  equations 
can  be  useful  in  estimating  the  temperature  at  which  the  dielectric 
dispersion  will  occur.  At  room  temperature,  the  pyrochlore  compositions 
in  this  study  typically  had  dielectric  constants  at  1  MHz  ranging  from  60  to 
200  and  dielectric  losses  of  approximately  lO'^  to  lO'*^.  These  low  loss 
characteristics  make  them  promising  candidates  for  high  frequency 
dielectric  applications.  However,  the  loss  peak  associated  with  the 
dielectric  dispersion  observed  in  these  materials  could  possibly  increase 
the  losses  at  high  frequencies  at  room  temperature. 

By  using  the  Arrhenius  equations  for  the  pyrochlore  compositions  in 
this  study,  the  temperature  at  which  the  loss  peak  occurs  at  high 
frequency  can  be  estimated  by  extrapolation.  Table  IV  show  Tmax 
extrapolated  from  the  Arrhenius  parameters  in  Table  II  obtained  from  the 
dielectric  data.  For  compositions  in  which  Tmax  was  below  100  K  and 
hence  could  not  be  measured,  average  values  of  Vq  and  Ea  were  assumed. 
As  shown  in  Table  IV,  the  Sc  and  In  containing  compositions  would  have 
loss  peaks  at  1  GHz  approaching  room  temperature  and  would  not  be 
suitable  for  high  frequency  applications.  However,  there  are  a  number  of 
compositions  which  have  1  and  10  GHz  loss  peaks  well  below  room 
temperature,  e.g.  Bi2Zn2/3Nb4/307,  Bi2Zn2/3Ta4/307,  and  Bi2Mg2/3Ta4/307. 


V.  CONCLUSIONS 


In  bismuth  pyrochlores  with  different  compositions,  a  dielectric 
anomaly  was  found  in  all  samples  at  temperatures  ranging  from  <100  K  to 


Wiih  the  aim  of  obtaining  an  operational  dielectric  at  microwave 
frequencies,  the  Arrhenius  equations  and  modified  Arrhenius  equations 
can  be  useful  ,n  estimating  the  temperature  at  which  the  dielectric 
tsperston  will  occur.  At  room  temperature,  the  pyrochlore  compositions 
tn  t  IS  study  typically  had  dielectric  constants  at  1  MHz  ranging  from  60  to 
an  dielectric  losses  of  approximately  10-3  to  10-4.  These  low  loss 
Characteristics  malce  them  promising  candidates  for  high  frequency 
dtclectric  applications.  However,  the  loss  peak  associated  with  the 
dtelectnc  dispersion  observed  in  these  materials  could  possibly  increase 
e  losses  at  high  frequencies  at  room  temperature. 

By  using  the  Arrhenius  equations  for  the  pyrochlore  compositions  in 
t  IS  study,  the  temperature  at  which  the  loss  peak  occurs  at  high 
requency  can  be  estimated  by  extrapolation.  Table  IV  show  T 
extrapolated  from  the  Arrhenius  parameters  in  Table  11  obtained  from  the 
dtelectnc  data.  For  compositions  in  which  T„.,,  was  below  100  K  and 
hence  could  not  be  measured,  average  values  of  Vo  and  were  assumed. 

S  s  own  in  Table  IV,  the  Sc  and  In  containing  compositions  would  have 
OSS  peaks  at  1  GHz  approaching  room  temperature  and  would  not  be 
suitable  for  high  frequency  applications.  However,  there  are  a  number  of 
composttions  which  have  1  and  10  GHz  loss  peaks  well  below  room 
temperature,  e.g.  BisZo^Nba/jOy.  BiaZnj/sTaa/jO,,  and  BizMgwTaa/jOr. 

V.  CONCLUSIONS 


In  bismuth  pyrochlores  with  different  compositions,  a  dielectric 
anomaly  was  found  in  all  samples  at  temperatures  ranging  from  <100  K  to 


room  temperature.  Using  the  thermally  activated  dielectric  relaxation 
equations,  it  is  possible  to  make  approximations  of  the  dielectric  behavior 
at  higher  frequencies  ~  1  GHz  at  room  temperature.  The  anomaly  was 
characterized  by  a  frequency  dispersive  decrease  in  the  real  part  of  the 
dielectric  constant,  and  a  corresponding  peak  in  the  imaginary  part  of  the 
dielectric  constant.  The  anomaly  appears  similar  to  the  dispersion  that 
occurs  at  the  freezing  temperature  of  dipolar  glass  systems.  These  data 
were  analyzed  using  a  number  of  Arrhenius-type  plots  with  reasonable 
accuracy  and  shows  characteristics  common  to  dipolar  glass  systems. 
Additionally,  the  dielectric  constant  and  loss  coupled  with  the  low  sintering 
temperatures  all  show  the  potential  for  packaging  applications,  such  as 
microwave  capacitors  for  LTCC  applications. 
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TABLE  I.  Room  temperature  dielectric  data  for 
compositions  measured  at  1  MHz. 


some  pyrochlore 


Go'mpb'siitori^-  ^  K  "  ,  tan  8 


Bi2Zn2/3Nb4/307 

Bi2Zn2/3Ta4/307 

Bi2Mg2/3Nb4/307 

Bi2Mg2/3Ta4/307 

Bi2Ni2/3Nb4/307 

Bi2ScNb07 

Bi2ScTa07 

Bi2lnNb07 

Bi2lnTa07 

Bi2CU2/3Nb4/307 


143 

.00025 

67 

.0001 

210 

.0003 

80 

.0001 

122 

.0001 

174 

.008 

143 

.0053 

142 

.0024 

89 

.0008 

250 

.08 

TABLE  II.  Fitting  Parameters  Vq  and  Ea 
Arrhenius  Equation  [Eq.  (1)]. 


obtained  from  the  simple 


Composition  4;./  2 

Bi2ScNb07 

1.23  X  1019 

0.508 

Bi2ScTa07 

5.84  X  1019 

0.498 

Bi2lnNb07 

2.64  X  1017 

0.418 

Bi2lnTa07 

6.03  X  1016 

0.348 

Bi2Mg2/3Nb4/307 

2.31  X  1016 

0.319 

TABLE  III.  Fitting  Parameters  Vq  and  Ea  obtained  from  the  modified 
Arrhenius  Equation  with  the  parameter  zv=2.  [Eq.  (3)]. 


Composition  - 

VO  (Hz) 

Ea(eV) 

Bi2ScNb07 

2.93  X  101 1 

0.061 

Bi2ScTa07 

6.31  X  IQl  1 

0.058 

Bi2lnNb07 

2.07  X  101 0 

0.045 

Bi2lnTa07 

4.43  X  lOlO 

0.053 

Bi2Mg2/3Nb4/l07 

9.42  X  1009 

0.041 

Table  IV.  High  frequency  Tmax  values  extrapolated  from  the  simple 
Arrhenius  equations  [Eq.  (1)]. 


Cqm;p'q:si  -I '•  ;')■  1;  GHz:'. ' v® IGHz ' 


Bi2ScNb07 

254 

K 

281 

K 

Bi2ScTa07 

233 

K 

257 

K 

Bi2lnNb07 

250 

K 

284 

K 

Bi2lnTa07 

225 

K 

257 

K 

Bi2Zn2/3Nb4/307 

<156 

K 

<183 

K 

Bi2Zn2/3Ta4/307 

<156 

K 

<183 

K 

Bi2Mg2/3Nb4/307 

<156 

K 

<183 

K 

Bi2Mg2/3Ta4/307 

<156 

K 

<183 

K 

Bi^Ni2/3Nb4/307 

<156 

K 

<183 

K 
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Figure  1.  Comparison  of  the  fluorite  structure  and  the  pyrochlore 

structure.  Note  that  the  A  site  of  the  fluorite  structure  is  differentiated 
into  both  A  and  B  sites.  Of  the  eight  X  sites  in  the  fluorite  structure,  in 
the  pyrochlore  structure  one  is  removed  and  the  seventh  (Y)  anion  is 
bound  only  to  the  A  atoms. 


Figure  2.  Comparison  of  the  powder  XRD  data  for  cubic  pyrochlore 
Bi2ScTa07  and  the  tetragonal  pyrochlore  Bi2Cu2/3Nb4/307. 


Figure  3.  Real  and  imaginary  parts  of  the  dielectric  permittivities 
measured  from  100  Hz  to  100  kHz. 


Figure  4.  Arrhenius  plots  for  the  bismuth  pyrochlores  using  Eq.  (1)  on  the 
left  and  Eq.  (3)  on  the  right. 


